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ABSTRACT

Memory system bottlenecks limit performance for many ap-
plications, and computations with strided access patterns
are among the hardest hit. The streams used in such appli-
cations have extremely poor cache behavior. These access
patterns have the advantage of being predictable, though,
and this can be exploited to improve the efficiency of the
memory subsystem in two ways: memory latencies can be
masked by prefetching stream data, and the latencies can be
reduced by reordering stream accesses to exploit parallelism
and locality within the DRAMs. Many researchers have
studied hardware prefetching in its various forms. Others
have examined dynamic memory scheduling to help bridge
the performance gap between processors and DRAM mem-
ory systems. This study builds on these results, combin-
ing a stride-based reference prediction table, a mechanism
that prefetches L2 cache lines, and a memory controller that
dynamically schedules accesses to a Direct Rambus mem-
ory subsystem. We find that such a system delivers good
speedups for scientific applications with regular access pat-
terns without negatively affecting the performance of non-
streaming programs.

1. INTRODUCTION

Memory system bottlenecks are becoming the limiting per-
formance factors for many applications, and streamed com-
putations with strided access patterns are among those
whose performance suffers most acutely. The vectors used
in such applications lack temporal and often spatial locality,
and thus have poor cache behavior. Nonetheless, these ac-
cess patterns have the advantage of being predictable, and
this predictability can be exploited to improve the efficiency
of the memory subsystem — the memory controller and the
DRAM back end.

Previous work has examined memory scheduling mecha-
nisms in the context of compiler or application-supplied in-

formation about access patterns [22, 16, 20]. Here we inves-
tigate whether it makes sense to reorder accesses within the
memory controller in the absence of compiler- or application-
supplied access pattern information. For current processor
and memory technologies, the processor’s natural reference
stream provides the ordering mechanism with few choices
about which access to issue next, and this lack of choice
severely limits the memory controller’s ability to exploit
properties of the DRAM back end or to alleviate bursti-
ness on the bus. Fortunately, access ordering techniques
have much more opportunity to improve performance when
knowledge of future access patterns is available (e.g., when
prefetching is used).

Others have studied hardware prefetching in depth [17, 14,
11, 26]. We leverage their work to provide an access-ordering
memory controller with information about stream reference
patterns. We investigate the extent to which a particular
combination of a hardware prefetching mechanism and re-
ordering memory controller can improve performance for a
suite of benchmarks ranging from vector kernels to irregu-
lar heap- and pointer-intensive programs to regular scien-
tific applications. The systems we study combine a stride-
based reference prediction table (RPT), a mechanism that
prefetches L2 cache lines, and a memory controller that dy-
namically schedules accesses to a Direct Rambus memory
subsystem [28]. We implement a simple reordering policy
and evaluate its performance impact on a set of integer and
floating-point applications and a set of vector kernels. By
avoiding DRAM bank conflicts and bus-turnaround delays,
our approach consistently delivers performance exceeding
that of prefetching alone. Applications with little streaming
potential may suffer negligible performance degradations,
but these adverse effects are rare for a system that combines
incremental prefetching with access ordering. Most of our
results demonstrate at least a small performance improve-
ment, and for several regular, memory-intensive programs
and kernels, run time is halved.

2. ARCHITECTURE

Our approach reduces access latency and improves bus uti-
lization by combining dynamic access ordering within the
memory controller with a prefetching mechanism that in-
corporates transparent hardware stream detection. Figure 1
illustrates the system organization, which includes a Refer-
ence Prediction Table [2] (RPT) between the CPU and the
L2 cache. The RPT observes the reference pattern gener-
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Figure 1: System Architecture.

ated by the CPU to detect strided access patterns and then
to prefetch L2 cache lines based on these patterns. The
prefetches increase the average number of ready accesses at
the memory controller, allowing it to prioritize references in
an attempt to avoid unnecessary bus turnaround delays and
to exploit parallelism in a Direct Rambus DRAM back end.

2.1 Prefetching M echanism

Our prefetching hardware is based on the reference predic-
tion tables introduced by Chen and Baer [2], and is orga-
nized as a 64-entry, four-way associative cache indexed by
the addresses of memory reference instructions. The RPT is
not on the critical path to memory, and does not slow nor-
mal cache accesses. Each RPT entry maintains four fields:

e tag: the address of the load/store instruction,

o prev_address: the previous operand address for that
instruction,

e stride: the difference between the last two operand
addresses, and

e state: two bits used to indicate past history for this
reference pattern (one of {initial, transient, irreqular,
steady}).

Figure 2 depicts the state transition mechanism. By track-
ing stores as well as loads, the RPT prefetches cache lines
for the write-allocate/write-back L2 cache. Prefetch re-
quests are issued when an RPT entry is at steady state
and has correctly predicted the current operand address
(i.e., addr — prev_addr = stride). For a prefetch dis-
tance of d, the RPT issues requests for addr + stride,
addr 42 x stride, ...addr +d x stride. The prefetching op-
erations for a given stream obey a sliding window protocol:
when addr is referenced, if the prefetches for addr + stride
to addr +(d—1) x stride have already been issued, then only
one request (addr + d x stride) is generated. The window
status is represented by two registers, [L, R], indicating the
range of offsets (from the most recently referenced stream
element addr) for which prefetch requests may be issued (so
the valid prefetch addresses range from addr + L X stride to
addr + R X stride). When the request for addr + L X stride
is issued, the window is updated to [L + 1, R]. As outstand-
ing prefetches arrive, the implicit base addr is incremented
by stride, and the window slides to [L,R —1]. If L > R,
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Figure 2: Reference Prediction Table state transi-
tions.

the window is empty, and no prefetches for this stream re-
main outstanding. The regular nature of the request se-
quence eliminates the need for buffering requests within the
prefetcher.

We investigate mechanisms with both fixed and adap-
tive prefetch distances (as in the designs of Farkas et
al. [14] for a different machine model with dedicated stream
buffers). The adaptive scheme prefetches streams incremen-
tally, starting with a unit prefetch distance, and doubling
it (up to the maximum distance supported) every time an-
other element of the stream is referenced. We refer to a
reference with the appropriate stride as a “prefetch hit”,
even though the element the processor references to trigger
a prefetch operation and the element for which we initiate
that prefetch are separated by the prefetch distance multi-
plied by the stream stride. As distance increases, so does
the threshold for the number of references that must be ob-
served in a stream pattern before future cache lines in the
sequence are prefetched. This decreases the likelihood that
spurious stream prefetches will be issued, but it can increase
cache contention. Prefetch misses (data addresses that do
not fit the established pattern for that memory instruction)
signal the stream end. The RPT we model can support up
to 32 outstanding requests.

2.2 Memory Controller

Dynamic stream detection mechanisms have only a local
view of the program’s behavior, and thus are inherently lim-
ited in the amount of “future information” that they can
provide to the access ordering hardware. This restricts the
choices available to the ordering hardware, which limits the
extent to which the memory controller can exploit the par-
allelism of multiple memory devices and many interleaved
banks. On the other hand, the limited choice simplifies the
burden on the access ordering mechanism. The reordering
circuitry cannot lengthen the timing path to memory, and
therefore must be simple.

We model only one ordering algorithm here. The order-
ing mechanism implements a greedy policy that attempts to
keep the pipelined Rambus memory channel busy by giving
highest priority to the access that can be issued soonest. The
circuitry maintains a candidate for the next memory access
whenever there is more than one access queued, and for each
incoming request it compares the soonest-issue time with
that of the candidate to decide which to issue next. When
two accesses have the same issue time, they are serviced in
FIFO order, with the restriction that reads do not bypass



writes in the case of a conflict. We investigated an ordering
scheme that gives demand accesses priority over prefetches,
but the differences in execution time were less than 1% for
our benchmarks, and such a scheme requires a mechanism
to let the memory controller distinguish between prefetches
and demand cache line fills. The computation of the next
candidate can be completely overlapped with other memory
activity, thus our approach requires only a single additional
comparison to do the ordering. For the purposes of this
study, we assume that this comparison can be accomplished
within the memory cycle time.

3. EXPERIMENTAL METHODOLOGY

We use cycle-level simulation to evaluate the effectiveness
of the proposed memory system. Our dynamically sched-
uled superscalar simulator is based on sim-outorder from
the SimpleScalar toolset version 2.0 [5]. These tools use a
MIPS-like instruction set, and they only execute user-level
code, thus we do not model the effects of OS interactions on
application memory performance, nor do we quantify the
impact of invalidating the RPT on context switches.

Our simulator models a Direct Rambus memory and the
stream detection mechanism from Section 2.2. We choose
the Rambus model for several reasons: it represents the state
of the art in affordable, high performance memory systems;
its unique organization and interface presents the memory
system designer with an interesting set of challenges; the
performance potential of its pipelined interface and highly
parallel subsystem can only be realized by carefully schedul-
ing operations to overlap as much as possible.

3.1 Machine Model

We model a 4:1 ratio in CPU cycles to memory cycles, or
a 1.6 GHz processor and 400 MHz Rambus Channel. The
CPU performs out-of-order execution with a 16-entry in-
struction window, issuing up to four instructions per cycle.
The two-level, nonblocking cache hierarchy consists of sepa-
rate, identical first-level instruction and data caches of 64KB
each. The L1 caches are two-way associative, virtually in-
dexed, and physically tagged; each has 32-byte lines, a one-
cycle hit latency, and can support up to eight outstanding
misses. The L2 cache is 256 kilobytes and four-way associa-
tive with 64-byte lines. It has a six-cycle hit latency, is phys-
ically indexed and tagged, and has eight MSHRs (Missing
Status Holding Registers). We scaled down the L2 capacity
because the workloads we use are relatively small compared
to the working sets of real applications (see Table 3 for de-
tails of our benchmarks’ on-chip memory hierarchy perfor-
mance). The chip real estate consumed by the mechanisms
we introduce to support prefetching and reordering might
reduce the L2 capacity slightly, but certainly not by the
factor we have modeled here.

3.2 Direct RambusDRAMs

Although the memory core—the banks and sense amps—of
RDRAMs is similar to that of other DRAMsS, the architec-
ture and interface are unique. An RDRAM is actually an
interleaved memory system integrated onto a single mem-
ory chip. Its pipelined microarchitecture supports up to four
outstanding requests. The Direct Rambus interface converts
the 10 ns on-chip bus, which provides 16 bytes on each in-
ternal clock, to a two-byte wide, external, 1.25 ns bus. By

name [ cycles | description

TPACK 4 | packet transfer time
tRC 28 | row (ie., page miss) cycle time or RORAM banks:

interval between successive ROW ACT requests to same bank
tRAS 20 | RAS-asserted time of RORAM bank: interval between

ROW ACT packet and next ROW packet w/ PRER to same bank
tRp 8 | row precharge time: interval between ROW PRER and

ROW ACT packets to same bank
tRR 8 | RASto-RAS time of RDRAM device: interval between

successive ROW ACT packets to same device (any banks)
tRCD 9 | RASto-CAS delay: interval between ROW ACT and

COL RD or WR packets
toac 8 | CAS access delay (page hit latency): delay between

start of COL RD packet and valid data
tcwD 6 | CAS write delay: interval between COL WR packet and

write data
oo 4 | CASto-CAS time of RDRAM bank: interval between

successive COL packets
tRDP 4 | interval between last COL RD packet and ROW PRER

packet

Table 1: Direct Rambus timings for Min -45 -800
part

transferring 16 bits of data on each edge of the 400MHz in-
terface clock, even a single Direct RDRAM chip can yield
up to 1.6 Gbytes/sec in bandwidth.

All communication to and from an RDRAM is performed
using packets. Each command or data packet requires four
2.5 ns clock cycles to transfer. ROW command packets are
used for activate (ACT) or precharge (PRER) operations.
COL command packets are used to initiate data transfer
between the sense amps and the data bus (via RD or WR
commands), or to retire data in the chip’s write buffer. The
smallest addressable data size is 128 bits (two 64-bit stream
elements). The full memory bandwidth cannot be utilized
unless all words in a DATA packet are used. Note the dis-
tinction between the RDRAM transfer rate (800 MHz), the
RDRAM interface clock rate (400 MHz), and the packet
transfer rate (100 MHz). “Memory cycles” refer to the 400
MHz interface clock.

Table 1 gives the relevant Direct RDRAM timing parameters
used in our simulations. The RDRAM cores incorporate
16 banks in a “double bank” architecture, where adjacent
banks share sense amplifiers. (so no two adjacent banks
can be active simultaneously) [28]. Note that we do not
model the DRAM write buffers in detail, but all other timing
interactions are simulated accurately.

3.3 Memory Models

The memory systems we model consist of eight 64 Mbit
Direct Rambus devices on a single channel. We examine
two address mappings with respect to the RDRAM de-
vices: cache-line interleaved (for the 64-byte L2 cache lines),
and page interleaved. Both organizations use a closed-page
precharge policy, i.e., the DRAM page is closed and the sense
amplifiers are precharged after each access. The memory
controller tries to hide precharge latencies by overlapping
them with references to other banks or devices whenever
possible.

The organization of our memory systems differs substan-
tially from the single-device systems studied by Hong et
al. [16], since our systems contain eight devices (affording
much more parallelism). Their systems fetch individual
stream elements, instead of performing cache line fills as
we do here. Accessing larger granularities of data can re-



Kernel | Access Pattern ]

T<LXS; i+=9)

copy Tor
ylil=
daxpy for (i=0; iI<LXS; i+=9)

ylil +=a x il

swap for (i=0; iI<LXS; i+=9)
{reg=xi]; x[i]=y[i]; yli]=reg;}
vaxpy for (i=0; i<LXS; i+=S)
ylil+=a[il x x[il:

Table 2: Benchmark kernel access patterns.

duce the opportunity to overlap precharges with accesses to
other banks or devices. Nonetheless, we find that precharge
delays can usually be overlapped with other activity, and
thus we do not investigate systems with open-page policies
here.

3.4 Benchmark Suite

Most of our benchmarks come from the SPEC95 suite; we
simulate them for the test inputs, unless otherwise noted.
m88ksimis a chip simulator for the Motorola 88100 micropro-
cessor. gcc is the ccl pass of the version 2.5.3 gcc compiler
(for SPARC architectures) used to compile the 67-kilobyte
file “lintegrate.s”. compress is the SPEC95 data compres-
sion program run on an input file of ten thousand characters.
1i is an Xlisp interpreter run on the “queens” problem for
a 8 x 8 board. su2cor applies a Monte-Carlo method to
the computation of masses of elementary particles in the
framework of the Quark-Gluon theory, and hydro2d solves
hydrodynamical Navier Stokes equations to compute galac-
tical jets, mgrid is a multi-grid solver in 3D potential field,
and swim solves shallow water equations using finite differ-
ence approximations (all three are run on the ref input).

In addition, we investigated a set of smaller benchmarks
with both pointer- and array-based access patterns [1].
anagram computes the set of anagrams for its input string.
bc is the gnu basic calculator. ks is a graph partitioning
tool. ft performs a minimum span calculation, and yacr2
is a channel routing program.

3.5 Microbenchmarks

To put our results in perspective with previous results on
compiler-assisted dynamic access ordering, we also use the
benchmark kernels of Hong et al. [16] to evaluate our design’s
performance potential. Table 2 lists these kernel access pat-
terns. daxpy, copy, and scale are from the BLAS (Basic
Linear Algebra Subroutines) [12]. vaxpy denotes a “vector
axpy” operation that occurs in matrix-vector multiplication
by diagonals: a vector a multiplied by a vector z plus a
vector y. We run each kernel for 10,000 iterations for two
access patterns: unit-stride and stride-ten (the size causes
only one data element to reside in each L2 cache line, and
being even causes more DRAM bank conflicts).

4. RESULTS

Table 3 details the performance characteristics of each
benchmark, including the execution time on both memory
organizations, the number of instructions retired, and the
number of those that are loads or stores. The table also gives
statistics on the on-chip memory hierarchy performance and
on the number of streams recognized and the average length
of dynamically recognized stream access patterns for the
whole program.

Figure 3 and Figure 4 summarize the performance (relative
to the each benchmark baseline) of the adaptive-distance
prefetching schemes for the two memory interleavings, with
and without dynamic reference reordering at the memory
controller. The similarity in these graphs illustrates that for
the benchmarks used, the mapping of addresses to memory
banks makes little performance difference for applications
that hardly benefit from stream prefetching. For the ap-
plications and kernels that do benefit from streaming, the
performance differences between the organizations ranges
from 7% to less than 1% of the baseline execution time,
but which system performs better varies from benchmark to
benchmark. The hardware stream detection and memory-
controller access scheduling benefit the stream-oriented ap-
plications, regardless of the underlying memory interleaving.

swim, mgrid, and hydro2d are the most stream-oriented ap-
plications of the suite. swim uses over three million dynam-
ically recognized streams, and has the longest mean stream
length of the non-kernel benchmarks. mgrid accesses ex-
hibits about twice as many stream patterns, but the average
stream length is only half as long. hydro2d accesses slightly
fewer streams, with a slightly smaller average length, but
its enjoys similar speedups to mgrid. The explanation lies
in hydro2d’s cache performance: with an L1 miss rate of
10% and an L2 miss rate of over 36%, this application ex-
hibits little locality and is very memory intensive (over 36%
of the instructions executed are loads or stores). In con-
trast, su2cor exhibits behavior similar to hydro2d in terms
of number and average length of streams, yet it derives al-
most no benefit from stream prefetching and reordering. In
this case, the on-chip cache hierarchy performs quite well.
With fewer than 3% of the references missing in the L1 cache
and fewer than 8% missing in the L2, su2cor leaves little op-
portunity for memory prefetching to affect performance.

The pointer benchmarks exhibit a relatively high number
of stream patterns, but the ones with the most streams
have the shortest average stream lengths, and those with
the longest stream lengths use fewer streams. Performance
for these applications does not improve from streaming and
reordering, but neither does it degrade. The larger inte-
ger benchmarks with similar stream characteristics (gcc,
m88ksim, and 1i) also exhibit stable performance. The
dynamic behavior of these programs is not conducive to
streaming: in the case of bc, fewer than 2% of the memory
accesses occur in detectable streams. For gcc, the rate rises
to almost 10%, but the average stream length is seven refer-
ences, and only about 9% of the references make up strided
access patterns. 1i has such a small working set that fewer
than 1% of the L2 accesses miss, and the reference patterns
for this benchmark are sufficiently irregular that the average
stream length is under five.

Figure 5 and Figure 6 illustrate how different RPT prefetch
distances affect the performance of a representative set of
the benchmarks. Applications that benefit from streaming
tend to perform better with larger thresholds, but this is not
always the case. For example, on a page-interleaved system,
the unit-stride copy kernel in Figure 6(e) slows down by up
to 20% at a prefetch distance of two, and by over 4% at a
prefetch distance of either, whereas simply prefetching the
next cache line (a scheme that sometimes slows performance,



Benchmark Cycles Instructions Toads Stores 2 DTLB Total Mean
Cache Tine page Misses Misses Streams Length
interleaved | interleaved

[ ds)

Compress 41200 44079 35684 7366 5089 130325 74 119666 27

gee 220928 217253 224072 58587 31770 426005 10088 1778862 7

m88ksim 220730 220977 492995 85451 41825 13801 350 3205413 14

i 545036 545008 056747 | 286320 | 168848 2380 8513 | 16058335 4

hydro2d 2363036 2141605 967197 | 191856 58693 | 12022852 896 6643674 25

mgrid 1250866 1266649 1137368 | 399864 16229 4627143 279 7349938 39

su2cor 787081 783229 1034337 | 250716 79981 704370 43599 3077429 56

swim 1821060 1676789 1306225 | 327039 85805 5463881 | 1014565 3528529 89

anagram 9659 9676 17946 4298 1740 8221 160 100425 10

be 9286 9268 14262 3190 1803 2264 55 52132 3

ft 15131 15120 23957 4170 1462 3506 24 59769 32

ks 10338 10320 12307 5310 109 1695 1691 473260 4

yacr2 17946 17921 37972 6091 3846 2127 47 417072 13

copy 564 444 336 70 23 2817 9 19 1728

copy stride 10 3526 2643 346 70 23 28338 53 62 528

daxpy 611 484 356 80 23 2818 9 19 1728

daxpy stride 10 3603 2657 366 80 23 28345 53 62 528

vaxpy 699 656 426 920 23 4146 12 305 140

vaxpy stride 10 4041 3854 436 920 23 36235 78 111 374

swap 492 462 426 920 43 1017 9 20 2141

swap stride 10 2762 2614 436 920 43 23149 53 63 678

normalized cycles

Figure 3: Normalized execution times for a cache line interleaved system and prefetching with an adaptive

Table 3: Characteristics of each baseline run.

SR R LE RN E L I DD DS KRS
N F O & &< W& K/ R/ DR E N
&° \\&o IRCIE & S & & RO &
N & *@‘ & *@‘ Q@\
N Q Q &
S & & B

distance, with and without dynamic access ordering at the memory controller.

15

normalized cycles

¢ * @
& **@6{]’ ooQ‘\
&
&
&

5\
N
&

@
3y &
&

G
Q\

S S @S RS
& T S
S

N

B adaptive prefetch
@ prefetch+reorder

B adaptive prefetch
@ prefetch+reorder

prefetch

Figure 4: Normalized execution times for a page interleaved system and prefetching with an adaptive prefetch distance,
with and without dynamic access ordering at the memory controller.



since prefetches are issued without the prefetcher’s actually
recognizing any access patterns) improves performance by
over 6%. Note that none of our experiments measurably
affects TLB performance.

Common sense dictates that the prefetch distance needs to
be about the same as or larger than the cache line to re-
alize much benefit beyond the prefetching side effects of
the usual demand cache line fills for unit stride patterns.
Table 4 gives statistics on the number and effectiveness of
prefetches issued for each of the prefetching schemes and
each of the benchmarks highlighted in Figures 5 and 6. In-
creasing the window up to 16 puts the portion of prefetch
requests that have arrived in cache by the time they’re ac-
cessed by the processor between 26% and 81% for the appli-
cation benchmarks. For the copy kernel, this effectiveness
rate hits 92%. Nearly all the prefetches hit either in cache
or in the MSHRs, so even when prefetched data is not ready
when the processor requests it, the latency observed by the
CPU will be reduced. Table 5 shows how the L2 miss rate
goes down with the prefetch distance, but these improve-
ments do not continue to scale. Larger prefetching distances
run the risk of lowering memory system performance by gen-
erating prefetches beyond the ends of the streams and by
increasing contention in the cache. Also, prefetched data
that arrives too early could be evicted before it is used.

For stream-intensive programs, using an incremental
prefetch distance performs almost as well as the largest
prefetch distance we study (16). The adaptive mechanism
sometimes slows these applications slightly, but it also mit-
igates performance degradations for programs with patho-
logical access patterns (i.e., lots of very short streams). This
approach delivers robust performance, especially when com-
bined with access ordering to exploit the characteristics of
the underlying memory system.

Note that the benefit of prefetching and reordering goes
down dramatically for the kernels with a stride-ten access
pattern. Each stream element accessed brings in a cache
line whose other contents are unneeded. This prevents the
memory latency from being amortized over more than one
access, and the streams’ large cache footprint creates sig-
nificant contention. Nonetheless, with prefetching and re-
ordering the stride-ten copy kernel suffers only about half
the L2 cache misses of the baseline (but twice as many as
the unit-stride version of the kernel), and overall execution
time is reduced by about 10% of the baseline’s.

All of our simulation results reinforce the conclusion that
reordering never hurts. Realizing nontrivial speedups re-
quires a prefetch distance that is large enough to give the
reordering mechanism a choice about which banks it ac-
cesses when. For the benchmarks we simulate, dynamically
scheduling DRAM accesses at the memory controller lowers
the execution time by up to another 8.4% of the baseline’s
performance for an incremental prefetch mechanism that can
“look” into the future by up to sixteen stream references. As
the pressure on the memory system increases, and so does
the opportunity for the mechanism to improve performance.
For example, on an 8-issue processor with a 32-instruction
window, swim gains a speedup of 9.9% from reordering, com-
pared to 7.1% in the 4-wide machine configuration. Since

the RDRAMs we model use a closed-page precharge policy,
this speedup from reordering comes from better exploiting
the parallelism in the RDRAM systems.

5. RELATED WORK

Prefetching encompasses a broad range of memory access
techniques involving software, hardware, or both. The
purely software approach relies on a compiler to generate in-
structions to preload data [24, 23], or an application writer
to modify source code to achieve the desired behavior [4,
27, 19]. Hybrid approaches include hardware support for
prefetch operations, exposing those mechanisms to software.
For instance, they might augment the ISA with a prefetch
instruction [13], redefine a load to a specific register (e.g., to
register 0, as in the PA-RISC architectures [18]), or provide
programmable prefetch engines [8] or programmable stream
buffers [22].

Baer and Chen [2], Fu and Patel [15], and Sklenar [31] pro-
pose dynamic vector prefetch units that induce stream pa-
rameters at run-time. The cache-based sequential hardware
prefetching of Dahlgren et al. [11] eliminates the need for
detecting strides dynamically. To minimize the number of
unnecessary prefetches, the prefetch distance of these run-
time techniques is generally limited to a few loop iterations
(or a few cache lines). As in the approach we investigate,
the prefetched data may replace other needed data, or may
be evicted before it is used. Hardware-only prefetching [2,
17, 11, 14, 31] thus has the advantage of being transparent,
but because of its speculative nature, care must be taken
to keep from lowering application performance by increas-
ing contention in the caches and wasting bus bandwidth on
useless prefetches. Nonetheless, some commercial machines
include such mechanisms [10, 30, 7].

Prefetching masks memory latency, but generally does not
attempt to improve the operation of the memory system
back end. Prefetching techniques can be rendered more ef-
fective by combining them with access ordering — static
or dynamic techniques to improve memory performance by
changing the order of memory requests [21] — to exploit
the architectural and device characteristics of the underly-
ing memory system.

Most dynamic access ordering approaches to date have relied
on the compiler or the application to supply reference pat-
tern information. For instance, Palacharla and Kessler [27]
investigate code restructuring techniques to exploit a unit-
stride read-ahead stream buffer and page mode memory de-
vices on the Cray T3D [10]. The read-ahead mechanism
operates like Jouppi’s stream buffers [17], prefetching the
next sequential cache line on a demand cache-line fill. In
Palacharla and Kessler’s approach, the order in which vec-
tors are fetched is decided at compile-time, but they avoid
cache conflicts by determining at run-time the amount of
each vector to fetch at once. They measure a performance
improvement of up to 75% in two, three, and four-stream ex-
amples. The performance benefits are substantial, but this
approach offers little flexibility: “programming” the stream-
ing mechanism amounts to rearranging the source code to
present the hardware with an appropriate sequence of ad-
dresses. Effectively exploiting these stream buffers thus re-
quires significant modifications to the source program. Get-
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Performance details for selected benchmarks on a page interleaved system.

Figure 6



Benchmark

cache line interleaved

page interleaved

| d=1 T d=2 ] = | = [ d=16 | adaptive | d=1 | d=2 [ d=4 | d=8 [ d=16 | adaptive |
compress prefetched 98980 99082 99142 99307 99707 99598 98980 99082 99142 99307 99707 99598
% in cache 2.4 5.2 11.2 20.6 26.3 24.4 2.6 16.2 16.6 25.0 30.6 28.8
% in MSHRs 97.1 94.3 88.2 78.7 72.8 74.7 96.9 83.3 82.8 74.3 68.4 70.3
hydro2d prefetched 11402061 11412350 11428218 11433220 11437641 11433632 11402047 11412339 11428177 11433221 11437608 11433629
% in cache 6.0 11.6 20.9 45.2 53.0 61.8 35 8.3 20.6 45.1 50.2 61.6
% in MSHRs 91.5 85.8 76.5 52.2 44.4 35.6 93.9 89.1 76.8 52.3 47.2 35.8
swim prefetched 7819037 7828283 7839100 7840869 7844758 7841088 7818296 7827452 7839100 7840342 7847694 7844146
% in cache 7.1 17.3 29.4 51.5 63.2 63.3 9.2 16.0 29.4 52.9 64.4 64.6
% in MSHRs 61.4 51.3 39.3 17.2 53 53 59.2 52.5 39.3 15.6 4.1 3.9
anagram prefetched 3402 3883 4830 5536 6205 5015 3402 3883 4830 5536 6205 5015
% in cache 1.8 6.1 12.9 27.9 81.0 333 1.8 6.3 13.6 28.4 80.2 32.8
% in MSHRs 91.7 87.8 81.8 66.5 12.0 61.7 91.6 87.6 81.0 66.0 12.9 62.2
copy prefetched 2666 2666 2667 2666 2671 2669 2667 2666 2668 2666 2672 2670
% in cache 0.0 0.0 0.1 0.1 748 745 0.0 0.0 0.2 0.1 92.8 92,5
% in MSHRs 98.4 98.4 98.3 98.3 235 23.8 98.4 98.4 98.1 98.3 5.4 5.7
copy prefetched 19770 19770 19795 19794 19797 19795 19770 19770 19795 19794 19797 19795
stride 10 % in cache 4.1 4.1 14.8 14.8 61.2 61.8 2.8 4.1 8.8 14.8 525 53.2
% in MSHRs 95.9 95.9 85.2 85.2 38.8 38.2 97.2 95.9 91.2 85.2 475 46.8

Table 4: Number of prefetches issued and the percentage thereof that were useful (i.e., that hit in either L2 cache or
the RPT’s MSHRs) for the benchmarks in Figure 5 and Figure 6.

Percentage of Baseline L2 Cache Misses
Cache Tine Interleaved T page Interleaved

Benchmark d=1 ] d=2 [ d=4 [ d=8 [ d=16 [ adeptive | d=1 [ d=2 | d=4 [ d=8 | d= 16 | adaptive
compress 993 973 92.7 85.6 813 827 99.1 88.9 88.6 82.2 78.0 794
hydro2d 95.5 920.4 8L7 58.9 515 43.0 98.1 93.7 82.2 50.0 54.2 433
swim 90.1 75.5 58.1 26.4 9.8 9.8 87.0 7.3 58.1 24.3 8.0 7.7
anagram 102.4 100.6 96.4 86.4 47.6 83.5 102.4 100.5 96.0 86.1 48.2 83.9
copy 100.0 100.0 99.9 99.9 29.1 29.4 100.0 100.0 99.8 99.9 12.0 123
copy stride 10 97.2 97.2 89.7 89.7 56.9 56.5 98.0 97.2 93.8 89.7 62.9 62.5

Table 5: Percentage of L2 cache misses for each streaming scheme relative to the baseline for the benchmarks in

Figure 5 and Figure 6.

ting the best performance requires that interference be taken
into account, and thus the optimal amount to preload for
each data structure of cannot be generated until run time.

McKee et al. [22] rely on the compiler [3] to detect streams
and generate code to program their memory controller’s
stream buffers at run time. The memory controller reorders
the stream accesses to exploit the parallelism of the inter-
leaved banks and to exploit locality of reference within the
DRAM'’s page buffers. They demonstrate speedups of up to
a factor of thirteen for streaming kernels on their unipro-
cessor prototype hardware. That system contained only
two interleaved DRAM banks, and thus increasing the num-
ber of references that hit in the page buffers accounted for
most of the performance improvements. Hong et al. [16]
adapt the approach to single-device Direct Rambus mem-
ory systems. Bus-turnaround delays become a limiting per-
formance factor for these highly parallel, pipelined mem-
ory systems. Most of the improvement from access ordering
comes from overlapping operations to multiple banks and
from minimizing the number of times the memory controller
switches between reading and writing. Neither of these stud-
ies evaluates the impact of reordering stream accesses on
whole-program performance.

Corbal et al’s Command Vector Memory System [9] also
exploits parallelism and locality of reference to improve ef-
fective bandwidth for vector accesses on out-of-order vec-
tor processors with dual-banked SDRAM memories. The
vectorizing compiler generates vector commands requesting
multiple, independent words. Instead of sending individual
requests to specific devices, the memory controller broad-
casts these vector commands. The memory subsystem or-
ders requests to each dual-banked device, attempting to
overlap precharge operations to each internal SDRAM bank

with access operations to the other. This system buffers
stream data in vector registers within the CPU.

Like the Command Vector Memory System, Mathew et al.’s
Parallel Vector Access unit [20] operates on vector com-
mands and exploits SDRAM device characteristics, gath-
ering strided data even more efficiently. The PVA is part of
a memory controller [6] that increases processor cache and
memory bus utilization by dynamically remapping physical
memory, letting applications control how data is cached on
chip. This approach prefetches and buffers data within the
memory controller until the CPU requests them.

6. CONCLUSION

Several recent architectures propose to migrate more intel-
ligence into the memory system [6, 25, 29] to help bridge
the processor/memory performance gap. This paper ex-
plores the potential for diverse applications to benefit from
hardware-only memory access ordering, and shows how rel-
atively simple mechanisms can realize at least some of that
potential. The strided prefetcher provides the memory con-
troller’s access-ordering mechanism with enough choice to
make more efficient use of the memory subsystem.

We investigate a particular point in the design spec-
trum for streaming hardware, and demonstrate that a
straightforward and modest-sized reference prediction table
that prefetches into the L2 cache, coupled with a simple
DRAM scheduling mechanism, can deliver substantial per-
formance gains for memory-bound, stream-intensive appli-
cations. The more references in sequence required to define
a stream, the more robust the performance benefits for all
types of applications. Next-cache-line prefetchers generate
too many spurious prefetches, and distance-two prefetch-
ers often perform even worse. Distances of eight or sixteen



yield the best performance for our benchmarks and systems.
Combining these with simple access ordering at the memory
controller further decreases execution time from an insignif-
icant margin up to 8%.

For the prefetching schemes we study, the memory interleav-
ing does not affect the memory controller’s ability to opti-
mize performance. Larger prefetch distances equate to bet-
ter performance for nearly all applications, and our prefetch-
ing model delivers consistent performance increases, even in
the absence of memory reordering, and in spite of additional
cache contention. Our results indicate that, given sufficient
choice with respect to scheduling DRAM accesses, an access-
ordering memory controller can deliver nontrivial speedups.
A memory subsystem that combines incremental prefetching
with a reordering DRAM scheduler decreases the run times
of a set of memory-intensive inner loops by over a factor of
two (rivaling Hong et al's compiler-assisted, single-RDRAM
dynamic access ordering system [16]). Our system deliv-
ers comparable benefits for scientific applications, without
slowing the performance of non-stream applications.
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