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Abstract. Cache optimizations typically include code transformations
to increase the locality of memory accesses. An orthogonal approach is
to enable for latency hiding by introducing prefetching techniques. With
software prefetching, cache load instructions have to be inserted into the
program code. To overcome this complexity for the programmer, modern
processers are equipped with hardware prefetching units which predict
future memory accesses in order to automatically load data into cache
before its use.
For optimal performance, it seems advantageous to combine both prefetching approaches. In this contribution, we first use a cache simulation enhanced with a simple hardware prefetcher to run code for a 3D multigrid
solver. Cache misses which are not predicted by the prefetcher can be located in simulation results, and selectively, software prefetch instructions
can be inserted. However, when performance of a code section is limited
by available bandwidth to main memory, this simple strategy will fail.
Thus, we use Block Prefetching, an extension of the standard blocking
strategy. Meassurements show its potential.
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Introduction

Cache optimizations typically include code transformations to increase the locality of memory accesses: standard strategies are loop blocking and relayouting
of data structures, e.g. splitting or joining of arrays and padding [12]. An orthogonal approach is to enable for latency hiding by introducing prefetching
techniques; i.e., by ensuring that any data is loaded early enough before it is actually used. Software prefetching enables this by inserting cache load instructions
into the program code. However, the use of such instructions consumes both decoding bandwidth and hardware resources for the handling of outstanding loads.
Because of this and the added complexity of manually inserting prefetch instructions, modern processers like Intel Pentium 4, Pentium-M [10] or AMD Athlon,
are equipped with hardware prefetch units which predict future memory accesses
in order to load data into cache in advance.
Both prefetch approaches can be combined. Usually, there will be parts of
code where hardware prefetching is doing a fine job, and parts where manual
insertion of prefetch instructions is needed. The two cases can be distinguished
by doing measurements with hardware performance counters. To this end, we
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use the Intel Pentium-M processor hardware, which has performance counters
meassuring the effect of its hardware prefetch unit [10]. This approach has some
drawbacks: the actual prefetch algorithm implemented inside the processor is
unknown, and thus, manual insertions of prefetch instructions will be specific
to one processor. Therefore, additional measurements are done by simulating
a known hardware prefetch algorithm. By choosing a simple stream detection,
we are sure that program code where this prefetch algorithm is working fine,
is also running fine with any existing hardware prefetcher. Additionally, we can
compare results with and without hardware prefetching.
There is however a case where prefetching alone can not help: When performance of a code section is limited by available bandwidth to main memory,
prefetching can not do any better. The first step to improve this situation is to
use loop blocking [12]: instead of going multiple times over a large block of data
not fitting into the cache, we split up this block into smaller ones fitting into
the cache, and go multiple times over each small block before handling the next
one. Thus, only in the first run over a small block has to fetch data from main
memory. Still, this first run exhibits the bandwidth limitation. But as further
runs on the small block do not use main memory bandwidth at all, this time
can be used to prefetch the next block. Of course, the block size needs to be
corrected in a way that two blocks fit into cache. We call this technique Block
Prefetching.
For this study, a 3D multigrid solver is used as application. The code is well
known, and various standard cache optimizations were applied [11]. The main
motivation for this work is the fact that standard cache optimizations do not
work as well as expected on newer processors [17]. On the one hand, hardware
prefetchers seem to help in the non-optimized case, on the other hand, they
sometimes seem to work against manual cache optimizations: e.g. blocking with
small loop intervals, especially in 3D, leads to a lot of unneeded activity from a
hardware prefetcher with stream detection.
In the next chapter, some related work is presented. Afterwards, we give
an survey of the cache simulator used and the hardware prefetch extension we
added. We show measurements for our multigrid solver, using statistical sampling
with hardware performance counters, and the simulator without and with hardware prefetching. Finally, for a simple example we introduce block prefetching
and give some real measurements. Since adding block prefetching to the multigrid solver is currently work in progress, results will be given in a subsequent
publication.
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Related Work

Regarding hardware prefetchers, [3] gives a good overview of well known algorithms. Advanced algorithms are presented in [1]. Still, in hardware manuals of
processors like Pentium-4 [10], there is only a vague description of the prefetch
algorithm used.
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Simulation is often used to get more details on the runtime behavior of applications or for research and development of processors [16],[9]. For memory access
behavior and cache optimization, it is usually enough to simulate the cache hierarchy only like in MemSpy [14] or SIGMA [7]. The advantage of simulation is
the possiblity to get more useful metrics than plain hit/miss counts like reuse
distances [4] or temporal/spatial locality [2].
For real measurements, we choose statistical sampling under Linux with
OProfile [13]. With instrumentation, we would get exact values, e.g. using Adaptor [5], a Fortran source instrumentation tool, or DynaProf [8]. The latter uses
DynInst [6] to instrument the running executable with low overhead. All these
tools allow to use the hardware performance counters available on a processor.
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Simulation of a simple Hardware Prefetcher

Our cache simulator is derived from the cache simulator Cachegrind, part of
the Valgrind runtime instrumentation framework [15], and thus, it can run unmodified executables. We describe the simulator with its on-the-fly call-graph
generation together with our visualization tool KCachegrind in more detail in
[18]. With a conversion script, the latter is also able to visualize the sampling
data from OProfile.
The implemented hardware prefetch algorithm gets active on L1 misses: for
every 4KB memory page, it checks for sequential loads of cache lines, either
upwards or downwards. When three consecutive lines are loaded, it assumes a
streaming behavior and prefetches the cache line which is 5 lines in advance. As
the simulator has no way to do timings, we simply assume this line to be loaded
immediately. Although this design is arguable, it fulfills our requirement that
every sensible hardware prefetcher should at least detect the same streaming as
our prefetcher.
The following results have been meassured for a cache-optimized Fortran
implementation of multigrid V(2,2) cycles, involving variable 7-point stencils
on a regular 3D grid with 1293 nodes. Compared to the standard version, the
simulated as well as real meassurement show little more than half the number
of L2 misses / L2 lines read in. As only 2 smoothing iterations can be blocked
with the given multigrid cycle, this shows that the blocking works quite well.
In search for further improvement using prefetching, table 1 shows the number
of simulated L2 misses, first column with hardware prefetching switched off,
second column with hardware prefetching switched on (i.e. only misses that are
not catched by the prefetcher), and third column the number of prefetch actions
issued. For real measurements, the Pentium-M can count L2 lines read in because
of L2 misses alone, as shown in column 4, lines read in because of a request from
the hardware prefetcher only in column 5. The last column shows the number
of prefetch requests issued by the hardware. All numbers are given in millons of
events (mega events). The first line gives a summary for the whole run, the next 2
lines splitted up by top functions: RB4W is the red-black gauss-seidel smoother,
doing the main work, and RESTR is the restriction step in the multigrid cycle.
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Table 1. Measurements for the multigrid code [MEv].
Simulated
Real
L2 Misses
Pref.
L2 Lines In
Pref.
Pf. Off Pf. On Requests due to Misses due to Pref. Requests
Summary
361
277
110
241
130
373
RB4W
233
226
201
47
270
RESTR
108
37
28
76
92

Simulation results show that the function RESTR, is hardware-prefetcher
friendly, as L2 misses go down by a large amount when the prefetcher is switched
on in the simulation. In contrast, for the first function, RB4W, our simulated
prefetcher does not seem to work. Looking at actual hardware, the prefetcher in
the Pentium-M works better than our one: it reduces the numbers of L2 misses
(col. 4) even more than our one (col.2), especially it is doing a better job in
RB4W (but not to good, either). This shows that our simulation can show the
same trend as will be seen in real hardware regarding friendlyness to stream
prefetching.
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Block Prefetching

The idea of Block Prefetching is based on loop blocking. When a program has to
work multiple times on a huge array not fitting into cache, data has to be loaded
every time from main memory. When data dependencies of the algorithm allow
to reorder work on array elements such that the multiple passes can be done
consecutively on smaller parts of the array, Blocking is possible. This improves
temporal locality of memory accesses, i.e. accesses to the same data happen near
to each other. By using block sizes that fit into cache (usually L2), this means
that only for the first run over a small block, data has to be fetched from main
memory. Fig. 1 depicts this scenario on a 1-dimensional array. The time tblocking
is substantially less than torig : with blocking, the second iteration of each block
can be done with L2 bandwidth L2B instead of memory bandwidth M B, and
MB
thus gets a speedup of L2B
, i.e.
1
L2B
tblocking = torig ∗ ( +
).
2 2 ∗ MB
As further runs on the small block do not use main memory bandwidth at all,
this time can be used to prefetch the next block. This needs block size corrected
in a way that two blocks fit into cache. For an inner block, we assume it to be
already in the cache when work on it begins. When there are N runs over this
block, we can spread prefetching of the next block equally over these N iterations.
For the multigrid code, N = 2, i.e. the pressure on memory bandwidth is almost
cut in half. Fig. 2 shows this scenario. If we suppose that the needed bandwidth
for prefetching is not near the memory bandwidth limit, almost all the time we
can work with the L2 bandwidth L2B, depending on the relation of the first
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Fig. 1. The blocking transformation.

block size to the whole array size as shown in the figure. Note that for the first
block, memory pressure will be even higher than before because in addition to
the first block, half of the second block is prefetched simultaneously.
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Fig. 2. The block prefetching transformation.

Table 2 gives results for a microbenchmark with 1-dimensional blocking for
different numbers of N . With pure blocking, N = 1 make no sense, as data is
not reused. Still, block prefetching, which is the same as normal prefetching in
this case, obviously helps. Again, these results were meassured on a 1.4 GHz
Pentium-M with DDR-266 memory, i.e. a maximum memory bandwith of 2.1
MB/s. The benchmark was compiled to use x87 instructions only (no MMX or
SSE).
We show results with two modifications of the benchmark: the first does one
floating point operation per load of a double, the second does two operations.
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Table 2. Results of a microbenchmark.
N
1 Flop/Load
Runtime [s]
MFlop/s
Netto [GB/s]
Lines In b/o Misses [MEv.]
Lines In b/o Pref. [MEv.]
2 Flops/Load
Runtime [s]
MFlop/s
Netto [GB/s]

Without Block Pf.
1
2
3 10
5.52
194
1.48
4.2
130

3.92
274
1.04
2.1
65

3.45
311
0.79
1.4
44

2.73
393
0.30
0.4
13

With Block Pf.
1
2
3 10
4.89
220
1.68
134
0.45

2.67
402
1.53
67
0.54

2.50
430
1.09
45
0.27

2.44
440
0.34
13
0.15

7.20 5.24 4.81 3.23 6.86 4.29 3.60 2.84
298 410 446 665 313 501 597 756
1.14 0.78 0.57 0.25 1.19 0.95 0.76 0.29

For each benchmark and N , we show the runtime in seconds, and the achieved
(netto) bandwidth from main memory. The netto bandwidth is calculated from
the runtime and the known amount of data loaded. A brutto bandwidth that
gives the bandwidth needed from memory to L2, can be calculated from memory
read burst transactions, meassured by a performance counter: the benchmark
only loads data, and cache line loads are translated to burst requests. The brutto
bandwidth is always between 50 and 100 MB/s higher than the netto bandwidth
in this benchmark, and therefore not shown in the table.
Runtime figures show that speedups of up to 46 percent are possible (N = 2,
1 Flop/Load). To see the effect on the number of L2 lines read in on the one hand
because of misses, and on the other hand because of hardware prefetch requests,
we show these numbers for the first benchmark. Obviously, block prefetching
virtually switches off the hardware prefetching.
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Conclusion and Future Work

In this paper, we have shown the usefulness of introducing a simple hardware
prefetch algorithm into a cache simulator. By comparing a simulation with hardware prefetching switched off with the simulation of the same program run, but
prefetching switched on, one can see the positions in the code where insertion of
software prefetching instructions is useful. We extend this result by presenting
the block prefetching technique which is able to lower the pressure on memory
bandwidth.
Still, for simulation with hardware prefetching to be really worthful, visualization possiblities have to be enhanced: even source annotation can not differentiate between iterations of the same loop body, as only sums are given. But it
appears useful to be able to distinguish at least the first few iterations of a loop,
as it is expected that prefetch characteristics change here. Thus, more detailed
context separation of profile data is needed. The block prefetching technique has
to be integrated into real world applications like our multigrid solver.
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