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Figure 3: Simulation results

the references are particles and space cells. The particles are
statically rdlocati, the spacecells are accessedin a relatively
random manner depending on the location of the particle
being moved. In such an application where data structures
are more complex, SW-pf exhibits better performance in
reducing the read penalty than HW-pf (38Y0 for HW-pf in
Mp3d vs. 60% reduction for SW-pf). Although HW-pf has
no difficulty in prefetching a particle record, it is not good
at dealing with space cells because their locations vary with
time. Thus only roughly half of the cache misses are covered
through HW-pf. In contrast, SW-pf performs much better
than HW-pf. SW-pf can statically prefetch pzuticle data and
use indirect load prefetches to get the space cell when the
address of an associated particle is determined. Moreover,
particle objects and space cells can be prefetched by a single
block prefetch instruction. Consequently, several memory
access requests triggered by only one prefetch instruction can
be pipelined to the memory system. The prefetching of space
cells is scheduled so that it can be performed in parallel with
other computations. Therefore the latency of the indirect load
prefetch is hidden further. The use of block prefetches is also
the reason that Mp3d has a negligible instruction overhead.

In Water, the main data structure is an array of molecules
where each element holds all the data for one molecule.
Each molecule requires about 38 cache lines. Data accesses
preserve spatial locality in the intramolecular computations
and data access patterns are predictable in the intermolecular
computation phases. Since the ratio of the number of shared
references to instructions is very small, the instruction time
accounts for a large portion of the total execution time (cf.
Table 1). In addition because the cache can hold almost the
entire working set, most of the accesses result in cache hits.
Therefore the read penalty contributes only 18% of the total
execution time. In this benchmark with predictable access
patterns and small nested loops, the read penalty rtiuction

is very good but does not improve performance that much
since the read penalty is relatively small. SW-pf moderately
outperforms HW-pf (52% for HW-pf vs. 83% for SW-pf).
Both schemes can easily handle the shared references in
the intra and intermolecular computation phases. The main
reason for the superiority of SW-pf is that each computation
of a molecule involves two or three nested small inner loops
with only a small number of iterations in each level of loop.
SW-pf simply prefetches data for all the iterations at one
time, whereas the small loops hinder HW-pf from gaining
sufficient prefetching distance.

Choiesky is dynamically scheduled with coarse task gran-
ularity (about 86,000 shared references per task), Each task
works on supemodes, which are sets of columns of a very
large sparse matrix. The input data file is a 3948-by-3948
matrix with only 56934 non-zero elements. The primary op-
eration is a column modification algorithm which involves
the addition of two columns in order to cancel a non-zero
element in the upper triangle of the matrix. Since all non-zero
elements belonging to a certain column are stored contigu-
ously in an array and the row numbers of these non-zero
elements are stored in a compressed manner, the program
iterates on the array of row numbers to find matching rows
and then fetch the non-zero elements to perform the compu-
tations. As a result, the starting and ending values of loops
me generally unknown at compile time. In this benchmark,
the hardware scheme performs better than SW-pf (82% vs.
48%). The HW-pf scheme can benefit from the assignment of
large supemodes to the processors by sequentially prefetch-
ing the array and dynamically extracting data access patterns
for the accesses of non-zeros. Similarly, SW-pf can prefetch
the data for accesses to the array holding row numbers.
However, our implementation is conservative in prefetching
the non-zeros by using indirect load prefetches only after the

228



Matmat

BASE Hw pf Sw pf

BASE Hw pf Sw pf

Water
111.8

100 100.8

29.7

111

35.3 29.9
...

27.1 27.9 27.3

0
:::::::::::::,:,;,,.,.,.,.,.,.,.,. ;;.::~
W 34.4

43.2
~jj 40.3

_ ,::~jyfi

m 14.1
::::::.:.:.:,::::,,,,:,:,:,::::.:.
~.3

Mp3d

100 101.2 101.9

BASE Hw pf Sw pf

Cholesky - ~$&ti

121.9 s ~ m
~~~~prefetch

1111”

34.5
101.1

i

5.9
.................
::::::.,......., 34.4,.,.,.:.:.:::j,::,,,,,..,,,,,...,,:,:,:,<::::::;:: .:.,.,.,.::,:,:,:
@ 77.2 *:::::;
:,::::::::::::~: = 49.9M :::;::::~::::::.:.:.:.:.::;:::::::::W: ::::::::,:.:.:.:..,.,.,.,,,.,,,.,.
:.:.:.:.:........ M##_Lo.9,

BASE Hw pf Sw pf

Figure 4: Network traffic

row pointer is knownl. This will usually cause prefetched
blocks to arrive in the cache too late and thus to contribute
a large portion of hit-wait cycles to the read penalty. In
addition, because the starting and ending vahtes are run-time
variables, the code is significantly expanded as a result of
loop unrolling and splitting as well as prefetch insertion. For
example, an IF statement is required in the prologue to align
the prefetch access on the cache line boundary. Hence, the
instruction execution time is increased.

To summarize, our data show that SW-pf and HW-pf
can achieve good performance improvements in programs
with regular access patterns. HW-pf can handle applications
with input data dependence if the loop granularity is not too
small. SW-pf is flexible and can deal with programs with
complicated but well-organized data structures. However,
the benefit of software prefetching may be offset by the extra
overhead it incurs.

5.3 Negative Effects of Prefetching
As mentioned earlier, prefetching increases memory traf-

fic. The main sources for the increase are (1) prefetches
of unused data lines, (2) extra cache misses due to conflicts
with the current working set, (3) extra invalidates due to
additional write-sharing caused by prefetching, and (4) the
increase of invalidation misses due to exclusive prefetches.
Since we do not perform prefetch for writes, the last problem
does not occur in our study.

In Figure 4, we present the increase in network traffic. We
consider four kinds of requests for the network: read misses,
prefetch requests, write requests (write misses and write hits

1A ~feme has ~k~d out that Cholesky has been rewire SOhat tie

compiler can cleat with this problem.

on clean), and invalidates. While the number of memory
requests increase, as expected, for both types of prefetching
for all benchmarks, the increaseduetoprefetching (especially
SW-pf) is relatively insignificant with respect to the total
traffic. Most of the memory traffic increase stems from the
fact that the total requests of read misses and prefetches are
greater than those of read misses for the baseline cache. Since
prefetching may fetch write-shared data, a slight increase of
write requests and invalidates can be also observed in the
figure. In general, SW-pf is more conservative in introducing
memory traffic than HW-pf. The reasons me that HW-pf
has less information to avoid sending unnecessary prefetches
to the system and that data blocks prefetched during the
last iterations are generally unused. The traffic increase is
more significant in benchmarks with small iterations, such
as Water, where the penalty reduction by IHW-pf is less
than that by SW-pf, but where HW-pf brings more network
traffic. One exception is Matmat, where SW-pf results in
more network traffic than HW-pf. However, the increase is
mainly because more writes and invalidates are issued since
there is more prefetching of write-shared data.

To examine the impact of prefetching on the working set
in the cache, we estimate the negative effect by measuring
conflicts between the working set and prefetched data. We
record the information on replaced data lines in a‘’ shadow”
direct-mapped cache with the same size as the data cache.
If a cache miss finds a matched entry in the shadow cache,
we record the status of both replaced and current blocks.
As most cache misses are reduced by prefetching, we are
interested in conflict misses. Table Z gives tlhe proportions
of those conflict misses among three categories: conflicts
within the current working set itself, between the working set
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Figure 5: Effect of memory latency

Table 2: Proportions of conflicts in direct-mapped cache

Programs

Kmiiir
Mp3d
Water
Choleskv

and txefetched blocks. and between txefetched blocks them-
selv&. In the table, the miss ratio of ‘wftware prefetching for
Matmat is very small (< 0.001) and in Water, there are very
few conflict misses left, since most of the data set fits in the
cache and misses are mainly caused by invalidation misses.
The results show that a large portion of conflicts occurs
among data in the working set itself. When a prefetched item
arrives in the cache at a time close to its actual use, the prob-
ability of conflicts with the current working set is small. It is
only in the case of HW-pf in Cholesky that significantly more
prefetched data than necessary is brought into the cache. In
that benchmark we can observe a non-negligible amount of
conflict between the prefetched data and the working set.
This explains partially the increase of data read (read misses
and prefetches) traffic in the network, as shown in Figure 4.

To sum up, we observe that the negative effect of prefetch-
ing in network traffic and conflicts with the working set is
not severe. The increase of network traffic is very small for
SW-pf, whereas HW-pf may give a slight increase. Most

conflict misses are caused by the working set itself.

5.4 Effect of Memory Latency

In this section we explore how variations in the secondary
cache and main memory latencies influence the performance
of the three prefetching schemes. We consider three sets
of latencies: the one used previously (Lj = 80), one where
we consider a processor twice as slow (L.~ = 40), and one
where the main memory latency is doubled (L. = 160) with
the rationale here that our 16-processor system might be a
subset of a larger multiprocessor. In Figure 5, we show the
read access times for these three ormnizations normalized
with respect to the no-prefetch BASE”default case (L = 80).
The read access penalty is decomposed into two section.x
read miss, the stall time due to cache misses, and hit-wait,
the waiting time for a prefetch which is issued too late. In
order to have a fair comparison for SW-pf, we modified and
moved around some prefetch instructions in an attempt to
provide a sufficient prefetching span for large latencies.

As can be seen in Figure 5, the reduction in the read
penalty slightly degrades as the memory latency increases.
This illustrates that both HW-pf and SW-pf still can be
effective, to a lesser extent, in tolerating large latencies by
adjusting prefetching to occur several iterations ahead of the
actual use. Note that since the number of instruction executed
is generally fixed, the slight increase in the read penalty in
SW-pf is more than compensated by the relative decrease in
the overhead of the prefetch instructions. For example, when
passing from L. = 80 to L. = 160, the overall execution
time increases and the overhead from software prefetching
(not shown in the figure), an almost constant number of
instructions for each benchmark, decreases from 8.6% to 690

in Matmat, from 0.9% to 0.04% in MP3D, from 1.770 to
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Figure 6: Effectiveness of combining HW-pf and SW-pf

0.013% in Water, and from 3.5% to 0.3% in Cholesky. This
leads us to conjecture that software prefetching should be
more advantageous as the prefetch overhead becomes less
significant with an increase in latency.

The cost of the hit-wait cycles is particularly important
in prefetching. The read penalty in HW-pf contains a fair
amount of hit-wait time. In this scheme, the bokahead
mechanism needs to be reset to the value of the PC after
each incorrect branch prediction. Therefore, the first few
prefetches are not yet one “memory latency time” ahead
of when their data will be used. This phenomenon tends to
be serious in those programs with nested inner loops with
only a few iterations such as Matmat and Water. For SW-pf
(cf. Cholesky), the hit-wait cycles are mostly contributed
by the indirect load prefetches, which are constrained by the
data dependencies. While SW-pf is generally able to identify
most of the cache misses, the stall time for prefetches in the
prologue loop becomes more significant when the latency
increases. There remains the challenge of scheduling useful
computations to overlap with the prefetches, a task that
becomes more difficult as latencies get larger.

6 Combining Hardware and Software
Prefetching

In this section, we propose a combination of hardware and
software prefetching techniques. The main idea is that the
compiler inserts prefetches for user’s semantic data objects
that can be of any size, not necessarily a cache line, in a
manner more related to the program information available
to the compiler, and that the hardware supporting unit takes
care of individual element accesses in loops. The advantage
of this combined scheme is that the amount of software
prefetching instructions is considerably reduced and loop
splitting can be avoided. Thus, the compiler simply finds a

proper prefetching program point for each data object to be
used in loops. To achieve maximum gains, the hardware part
is aimed at prefetching data from the secondary cache to a
relatively small primary cache -- a portion of the design space
where it is recognized that the hardware scheme performs
best [1] -- and the software part is aimed at a large block
fetch from memory modules to the secondary cache. By
adding a special control instruction to the instruction set,
some unnecessary prefetches in the hardware prefetching
scheme can be further reduced by using the instruction as a
control hint to enable (and disable) the hardware mechanism.
Such control hints can be inserted around a loop body so that
the hardware unit will operate only during loop execution.

We performed experiments for studying the effectiveness
of the HW-pf and SW-pf combined architecture. In the ex-
periment, we consider an architecture similar to the previous
ones, except that each processor has a 32K-byte primary
cache (C 1) backed up by a 256K-byte seeonld-level cache
(C2). Both caches are direct-mapped, copy-back with a
cache line size of 16 bytes and are lockup- free,, The one-way
latency time between C 1 and C2 is 5 cycles and thus the
delay for a miss in Cl with a hit in C2 is 10 cycles. Misses
in C2 trigger requests to the global memory lmodules. The
one-way network latency is 35 cycles. Hence, a reference
that misses in both caches incurs a total latency of at least 80
cycles as before. In the experiment, we modify the strategy
for prefetch insertion in software prefetching: we do not
prefetch data in inner-most loops, we do not perform loop
unrolling and splitting, we insert prefetches for user data
structures to be used (regardless of cache size, line size), and
we move prefetches far ahead of actual use (they may even
move to locations before the loop).

Figure 6 gives the simulation results of the new architecture
with the combined hardware and software schemes. The read
access penalty has been further decreased when compared
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to either the hardware approach or the software approach.
The total reductions of the read penalty are 90% for Matmat,
78% for Mp3d, 88% for Water, 80% for Cholesky. The
instruction overhead of the new scheme is relatively small
when compared with the software approach (note that SW-
pf already performed blcck prefetching in Mp3d). The
portion of total normalized time due to the overhead ranges
from 0.8% in Mp3d to 2.1% in Matmat. Overall, the total
execution time is significantly improved by the combination
of software and hardware schemes.

7 Conclusion
In this paper, we have studied the performance of

hardware-based and software-directed prefetching schemes.
Our qualitative comparisons indicate that in the domain of
linear array references, both hardware and software schemes
are able to generate prefetches for cache misses. However,
the software scheme may have a code expansion problem,
while the hardware scheme has less information on the
usefulness of the prefetched data. The software approach
may use compile-time information to perform sophisticated
prefetching, whereas the hardware scheme has the advantage
of manipulating dynamic information.

The quantitative evaluation was performed by running
direct-execution simulations of a shared-memory multipro-
cessor using four benchmarks. Our experiments confirm the
above observations. We observed that the cache interference
incurred by prefetching is almost negligible. The software
approach has less negative effect on network traffic and
conflicts with the working set than the hardware approach.
However, the overhead due to the extra prefetch instructions
and associated computations is substantial in the software-
directed approach and can offset the performance gain of
prefetching. Our results show that the relative effectiveness
of prefetching is slightly degraded by the increase of memory
latencies, with the software prefetching suffering less.

Finally, we proposed and examined a technique for com-
bining the software and hardware solutions. The main idea is
that software will use program user’s semantics to prefetch
data objects into a secondary cache and that the hardware
supporting unit will take care of accesses in the loop and
fetch the data into the primary cache, The new approach
can combine advantages of both hardware and software ap-
proaches and at the same time avoid most of their negative
effects. Our experimental results show that the new solution
is very attractive in reducing the data access penalty without
incurring much overhead.
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