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3. Reducing the miss penalty—Critical word first and merging write buffers.
These optimizations have little impact on power.

4. Reducing the miss rate—Compiler optimizations. Obviously any improve-
ment at compile time improves power consumption.

5. Reducing the miss penalty or miss rate via parallelism—Hardware prefetch-
ing and compiler prefetching. These optimizations generally increase power
consumption, primarily due to prefetched data that are unused.

In general, the hardware complexity increases as we go through these optimiza-
tions. In addition, several of the optimizations require sophisticated compiler
technology. We will conclude with a summary of the implementation complexity
and the performance benefits of the ten techniques presented in Figure 2.11 on
page 96. Since some of these are straightforward, we cover them briefly; others
require more description.

First Optimization: Small and Simple First-Level Caches to
Reduce Hit Time and Power

The pressure of both a fast clock cycle and power limitations encourages limited
size for first-level caches. Similarly, use of lower levels of associativity can
reduce both hit time and power, although such trade-offs are more complex than
those involving size.

The critical timing path in a cache hit is the three-step process of addressing
the tag memory using the index portion of the address, comparing the read tag
value to the address, and setting the multiplexor to choose the correct data item if
the cache is set associative. Direct-mapped caches can overlap the tag check with
the transmission of the data, effectively reducing hit time. Furthermore, lower
levels of associativity will usually reduce power because fewer cache lines must
be accessed.

Although the total amount of on-chip cache has increased dramatically with
new generations of microprocessors, due to the clock rate impact arising from a
larger L1 cache, the size of the L1 caches has recently increased either slightly
or not at all. In many recent processors, designers have opted for more associa-
tivity rather than larger caches. An additional consideration in choosing the
associativity is the possibility of eliminating address aliases; we discuss this
shortly.

One approach to determining the impact on hit time and power consumption
in advance of building a chip is to use CAD tools. CACTI is a program to esti-
mate the access time and energy consumption of alternative cache structures on
CMOS microprocessors within 10% of more detailed CAD tools. For a given
minimum feature size, CACTI estimates the hit time of caches as cache size var-
ies, associativity, number of read/write ports, and more complex parameters.
Figure 2.3 shows the estimated impact on hit time as cache size and associativity
are varied. Depending on cache size, for these parameters the model suggests that
the hit time for direct mapped is slightly faster than two-way set associative and
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that two-way set associative is 1.2 times faster than four-way and four-way is 1.4
times faster than eight-way. Of course, these estimates depend on technology as
well as the size of the cache.

Example

Answer

Using the data in Figure B.8 in Appendix B and Figure 2.3, determine whether a
32 KB four-way set associative L1 cache has a faster memory access time than a
32 KB two-way set associative L1 cache. Assume the miss penalty to L2 is 15
times the access time for the faster L1 cache. Ignore misses beyond L2. Which
has the faster average memory access time?

Let the access time for the two-way set associative cache be 1. Then, for the two-
way cache:

Average memory access timez_way = Hit time + Miss rate X Miss penalty

1+0.038x15 = 1.38

For the four-way cache, the access time is 1.4 times longer. The elapsed time of
the miss penalty is 15/1.4 = 10.1. Assume 10 for simplicity:

Average memory access timezbw;ly = Hit timez_mly X 1.4 + Miss rate X Miss penalty

1.4 +0.037x10 = 1.77

Clearly, the higher associativity looks like a bad trade-off; however, since cache
access in modern processors is often pipelined, the exact impact on the clock
cycle time is difficult to assess.

Energy consumption is also a consideration in choosing both the cache size
and associativity, as Figure 2.4 shows. The energy cost of higher associativity
ranges from more than a factor of 2 to negligible in caches of 128 KB or 256 KB
when going from direct mapped to two-way set associative.

In recent designs, there are three other factors that have led to the use of
higher associativity in first-level caches. First, many processors take at least two
clock cycles to access the cache and thus the impact of a longer hit time may not
be critical. Second, to keep the TLB out of the critical path (a delay that would be
larger than that associated with increased associativity), almost all L1 caches
should be virtually indexed. This limits the size of the cache to the page size
times the associativity, because then only the bits within the page are used for the
index. There are other solutions to the problem of indexing the cache before
address translation is completed, but increasing the associativity, which also has
other benefits, is the most attractive. Third, with the introduction of multithread-
ing (see Chapter 3), conflict misses can increase, making higher associativity
more attractive.
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Figure 2.4 Energy consumption per read increases as cache size and associativity
are increased. As in the previous figure, CACTI is used for the modeling with the same
technology parameters. The large penalty for eight-way set associative caches is due to
the cost of reading out eight tags and the corresponding data in parallel.

Second Optimization: Way Prediction to Reduce Hit Time

Another approach reduces conflict misses and yet maintains the hit speed of
direct-mapped cache. In way prediction, extra bits are kept in the cache to predict
the way, or block within the set of the next cache access. This prediction means
the multiplexor is set early to select the desired block, and only a single tag
comparison is performed that clock cycle in parallel with reading the cache data.
A miss results in checking the other blocks for matches in the next clock cycle.

Added to each block of a cache are block predictor bits. The bits select which
of the blocks to try on the next cache access. If the predictor is correct, the cache
access latency is the fast hit time. If not, it tries the other block, changes the way
predictor, and has a latency of one extra clock cycle. Simulations suggest that set
prediction accuracy is in excess of 90% for a two-way set associative cache and
80% for a four-way set associative cache, with better accuracy on I-caches than
D-caches. Way prediction yields lower average memory access time for a two-
way set associative cache if it is at least 10% faster, which is quite likely. Way
prediction was first used in the MIPS R10000 in the mid-1990s. It is popular in
processors that use two-way set associativity and is used in the ARM Cortex-A8
with four-way set associative caches. For very fast processors, it may be chal-
lenging to implement the one cycle stall that is critical to keeping the way predic-
tion penalty small.
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An extended form of way prediction can also be used to reduce power con-
sumption by using the way prediction bits to decide which cache block to actu-
ally access (the way prediction bits are essentially extra address bits); this
approach, which might be called way selection, saves power when the way pre-
diction is correct but adds significant time on a way misprediction, since the
access, not just the tag match and selection, must be repeated. Such an optimiza-
tion is likely to make sense only in low-power processors. Inoue, Ishihara, and
Murakami [1999] estimated that using the way selection approach with a four-
way set associative cache increases the average access time for the I-cache by
1.04 and for the D-cache by 1.13 on the SPEC95 benchmarks, but it yields an
average cache power consumption relative to a normal four-way set associative
cache that is 0.28 for the I-cache and 0.35 for the D-cache. One significant draw-
back for way selection is that it makes it difficult to pipeline the cache access.

Example

Answer

Assume that there are half as many D-cache accesses as I-cache accesses, and
that the I-cache and D-cache are responsible for 25% and 15% of the processor’s
power consumption in a normal four-way set associative implementation. Deter-
mine if way selection improves performance per watt based on the estimates
from the study above.

For the I-cache, the savings in power is 25 x 0.28 = 0.07 of the total power, while
for the D-cache it is 15 x 0.35 = 0.05 for a total savings of 0.12. The way predic-
tion version requires 0.88 of the power requirement of the standard 4-way cache.
The increase in cache access time is the increase in I-cache average access time
plus one-half the increase in D-cache access time, or 1.04 + 0.5 x 0.13 = 1.11
times longer. This result means that way selection has 0.90 of the performance of
a standard four-way cache. Thus, way selection improves performance per joule
very slightly by a ratio of 0.90/0.88 = 1.02. This optimization is best used where
power rather than performance is the key objective.

Third Optimization: Pipelined Cache Access to Increase
Cache Bandwidth

This optimization is simply to pipeline cache access so that the effective latency
of a first-level cache hit can be multiple clock cycles, giving fast clock cycle time
and high bandwidth but slow hits. For example, the pipeline for the instruction
cache access for Intel Pentium processors in the mid-1990s took 1 clock cycle,
for the Pentium Pro through Pentium III in the mid-1990s through 2000 it took 2
clocks, and for the Pentium 4, which became available in 2000, and the current
Intel Core i7 it takes 4 clocks. This change increases the number of pipeline
stages, leading to a greater penalty on mispredicted branches and more clock
cycles between issuing the load and using the data (see Chapter 3), but it does
make it easier to incorporate high degrees of associativity.
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Fourth Optimization: Nonblocking Caches to
Increase Cache Bandwidth

For pipelined computers that allow out-of-order execution (discussed in
Chapter 3), the processor need not stall on a data cache miss. For example, the
processor could continue fetching instructions from the instruction cache while
waiting for the data cache to return the missing data. A nonblocking cache or
lockup-free cache escalates the potential benefits of such a scheme by allowing
the data cache to continue to supply cache hits during a miss. This “hit under
miss” optimization reduces the effective miss penalty by being helpful during a
miss instead of ignoring the requests of the processor. A subtle and complex
option is that the cache may further lower the effective miss penalty if it can
overlap multiple misses: a “hit under multiple miss” or “miss under miss” opti-
mization. The second option is beneficial only if the memory system can service
multiple misses; most high-performance processors (such as the Intel Core i7)
usually support both, while lower end processors, such as the ARM A8, provide
only limited nonblocking support in L2.

To examine the effectiveness of nonblocking caches in reducing the cache
miss penalty, Farkas and Jouppi [1994] did a study assuming 8 KB caches with a
14-cycle miss penalty; they observed a reduction in the effective miss penalty of
20% for the SPECINT92 benchmarks and 30% for the SPECFP92 benchmarks
when allowing one hit under miss.

Li, Chen, Brockman, and Jouppi [2011] recently updated this study to use a
multilevel cache, more modern assumptions about miss penalties, and the
larger and more demanding SPEC2006 benchmarks. The study was done
assuming a model based on a single core of an Intel i7 (see Section 2.6) running
the SPEC2006 benchmarks. Figure 2.5 shows the reduction in data cache
access latency when allowing 1, 2, and 64 hits under a miss; the caption
describes further details of the memory system. The larger caches and the addi-
tion of an L3 cache since the earlier study have reduced the benefits with the
SPECINT2006 benchmarks showing an average reduction in cache latency of
about 9% and the SPECFP2006 benchmarks about 12.5%.

Example

Answer

Which is more important for floating-point programs: two-way set associativity or
hit under one miss for the primary data caches? What about integer programs?
Assume the following average miss rates for 32 KB data caches: 5.2% for floating-
point programs with a direct-mapped cache, 4.9% for these programs with a two-
way set associative cache, 3.5% for integer programs with a direct-mapped cache,
and 3.2% for integer programs with a two-way set associative cache. Assume the
miss penalty to L2 is 10 cycles, and the L2 misses and penalties are the same.

For floating-point programs, the average memory stall times are
Miss ratepy X Miss penalty = 5.2% x 10 = 0.52

Miss rate,_y,y X Miss penalty = 4.9% x 10 = 0.49
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Figure 2.5 The effectiveness of a nonblocking cache is evaluated by allowing 1, 2, or
64 hits under a cache miss with 9 SPECINT (on the left) and 9 SPECFP (on the right)
benchmarks. The data memory system modeled after the Intel i7 consists of a 32KB L1
cache with a four cycle access latency. The L2 cache (shared with instructions) is 256 KB
with a 10 clock cycle access latency. The L3 is 2 MB and a 36-cycle access latency. All the
caches are eight-way set associative and have a 64-byte block size. Allowing one hit
under miss reduces the miss penalty by 9% for the integer benchmarks and 12.5% for
the floating point. Allowing a second hit improves these results to 10% and 16%, and
allowing 64 results in little additional improvement.

The cache access latency (including stalls) for two-way associativity is 0.49/0.52
or 94% of direct-mapped cache. The caption of Figure 2.5 says hit under one
miss reduces the average data cache access latency for floating point programs to
87.5% of a blocking cache. Hence, for floating-point programs, the direct
mapped data cache supporting one hit under one miss gives better performance
than a two-way set-associative cache that blocks on a miss.

For integer programs, the calculation is

Miss ratepy X Miss penalty = 3.5% x 10 = 0.35
Miss rate, y,q, X Miss penalty = 3.2% x 10 = 0.32

The data cache access latency of a two-way set associative cache is thus 0.32/0.35
or 91% of direct-mapped cache, while the reduction in access latency when
allowing a hit under one miss is 9%, making the two choices about equal.

The real difficulty with performance evaluation of nonblocking caches is that
a cache miss does not necessarily stall the processor. In this case, it is difficult to
judge the impact of any single miss and hence to calculate the average memory
access time. The effective miss penalty is not the sum of the misses but the non-
overlapped time that the processor is stalled. The benefit of nonblocking caches
is complex, as it depends upon the miss penalty when there are multiple misses,
the memory reference pattern, and how many instructions the processor can
execute with a miss outstanding.
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In general, out-of-order processors are capable of hiding much of the miss
penalty of an L1 data cache miss that hits in the L2 cache but are not capable of
hiding a significant fraction of a lower level cache miss. Deciding how many out-
standing misses to support depends on a variety of factors:

m The temporal and spatial locality in the miss stream, which determines
whether a miss can initiate a new access to a lower level cache or to memory

m  The bandwidth of the responding memory or cache

m  To allow more outstanding misses at the lowest level of the cache (where the
miss time is the longest) requires supporting at least that many misses at a
higher level, since the miss must initiate at the highest level cache

m  The latency of the memory system

The following simplified example shows the key idea.

Example

Answer

Assume a main memory access time of 36 ns and a memory system capable of a
sustained transfer rate of 16 GB/sec. If the block size is 64 bytes, what is the
maximum number of outstanding misses we need to support assuming that we
can maintain the peak bandwidth given the request stream and that accesses
never conflict. If the probability of a reference colliding with one of the previous
four is 50%, and we assume that the access has to wait until the earlier access
completes, estimate the number of maximum outstanding references. For sim-
plicity, ignore the time between misses.

In the first case, assuming that we can maintain the peak bandwidth, the mem-
ory system can support (16 x 10)°/64 = 250 million references per second. Since
each reference takes 36 ns, we can support 250 X 108 %36 x 10~ =9 refer-
ences. If the probability of a collision is greater than 0, then we need more out-
standing references, since we cannot start work on those references; the
memory system needs more independent references not fewer! To approxi-
mate this, we can simply assume that half the memory references need not be
issued to the memory. This means that we must support twice as many out-
standing references, or 18.

In Li, Chen, Brockman, and Jouppi’s study they found that the reduction in CPI
for the integer programs was about 7% for one hit under miss and about 12.7%
for 64. For the floating point programs, the reductions were 12.7% for one hit
under miss and 17.8% for 64. These reductions track fairly closely the reductions
in the data cache access latency shown in Figure 2.5.

Fifth Optimization: Multibanked Caches to
Increase Cache Bandwidth

Rather than treat the cache as a single monolithic block, we can divide it into
independent banks that can support simultaneous accesses. Banks were originally
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Figure 2.6 Four-way interleaved cache banks using block addressing. Assuming 64
bytes per blocks, each of these addresses would be multiplied by 64 to get byte
addressing.

used to improve performance of main memory and are now used inside modern
DRAM chips as well as with caches. The Arm Cortex-A8 supports one to four
banks in its L2 cache; the Intel Core i7 has four banks in L1 (to support up to 2
memory accesses per clock), and the L2 has eight banks.

Clearly, banking works best when the accesses naturally spread themselves
across the banks, so the mapping of addresses to banks affects the behavior of
the memory system. A simple mapping that works well is to spread the addresses
of the block sequentially across the banks, called sequential interleaving. For
example, if there are four banks, bank 0 has all blocks whose address modulo 4
is 0, bank 1 has all blocks whose address modulo 4 is 1, and so on. Figure 2.6
shows this interleaving. Multiple banks also are a way to reduce power con-
sumption both in caches and DRAM.

Sixth Optimization: Critical Word First and
Early Restart to Reduce Miss Penalty

This technique is based on the observation that the processor normally needs just
one word of the block at a time. This strategy is impatience: Don’t wait for the
full block to be loaded before sending the requested word and restarting the
processor. Here are two specific strategies:

m  Critical word first—Request the missed word first from memory and send it
to the processor as soon as it arrives; let the processor continue execution
while filling the rest of the words in the block.

m  Early restart—Fetch the words in normal order, but as soon as the requested
word of the block arrives send it to the processor and let the processor con-
tinue execution.

Generally, these techniques only benefit designs with large cache blocks,
since the benefit is low unless blocks are large. Note that caches normally con-
tinue to satisfy accesses to other blocks while the rest of the block is being filled.

Alas, given spatial locality, there is a good chance that the next reference is
to the rest of the block. Just as with nonblocking caches, the miss penalty is not
simple to calculate. When there is a second request in critical word first, the
effective miss penalty is the nonoverlapped time from the reference until the
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second piece arrives. The benefits of critical word first and early restart depend
on the size of the block and the likelihood of another access to the portion of the
block that has not yet been fetched.

Seventh Optimization: Merging Write Buffer to
Reduce Miss Penalty

Write-through caches rely on write buffers, as all stores must be sent to the next
lower level of the hierarchy. Even write-back caches use a simple buffer when a
block is replaced. If the write buffer is empty, the data and the full address are writ-
ten in the buffer, and the write is finished from the processor’s perspective; the pro-
cessor continues working while the write buffer prepares to write the word to
memory. If the buffer contains other modified blocks, the addresses can be checked
to see if the address of the new data matches the address of a valid write buffer
entry. If so, the new data are combined with that entry. Write merging is the name of
this optimization. The Intel Core 17, among many others, uses write merging.

If the buffer is full and there is no address match, the cache (and processor)
must wait until the buffer has an empty entry. This optimization uses the mem-
ory more efficiently since multiword writes are usually faster than writes per-
formed one word at a time. Skadron and Clark [1997] found that even a
merging four-entry write buffer generated stalls that led to a 5% to 10% perfor-
mance loss.

The optimization also reduces stalls due to the write buffer being full.
Figure 2.7 shows a write buffer with and without write merging. Assume we had
four entries in the write buffer, and each entry could hold four 64-bit words.
Without this optimization, four stores to sequential addresses would fill the buf-
fer at one word per entry, even though these four words when merged exactly fit
within a single entry of the write buffer.

Note that input/output device registers are often mapped into the physical
address space. These I/O addresses cannot allow write merging because separate
I/O registers may not act like an array of words in memory. For example, they
may require one address and data word per I/O register rather than use multiword
writes using a single address. These side effects are typically implemented by
marking the pages as requiring nonmerging write through by the caches.

Eighth Optimization: Compiler Optimizations to
Reduce Miss Rate

Thus far, our techniques have required changing the hardware. This next tech-
nique reduces miss rates without any hardware changes.

This magical reduction comes from optimized software—the hardware
designer’s favorite solution! The increasing performance gap between processors
and main memory has inspired compiler writers to scrutinize the memory hierarchy
to see if compile time optimizations can improve performance. Once again, research
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Write address  V \ \ \
100 1 | Mem[100] | O 0 0
108 1 | Mem[108] | O 0 0
116 1 | Mem[116] | O 0 0
124 1 | Mem[124] | o 0 0

Write address  V \% \'% \'%

100 1 | Mem[100] | 1 | Mem[108] | 1 | Mem[116] | 1 | Mem[124]

Figure 2.7 To illustrate write merging, the write buffer on top does not use it while
the write buffer on the bottom does. The four writes are merged into a single buffer
entry with write merging; without it, the buffer is full even though three-fourths of each
entry is wasted. The buffer has four entries, and each entry holds four 64-bit words. The
address for each entry is on the left, with a valid bit (V) indicating whether the next
sequential 8 bytes in this entry are occupied. (Without write merging, the words to the
right in the upper part of the figure would only be used for instructions that wrote mul-
tiple words at the same time.)

is split between improvements in instruction misses and improvements in data
misses. The optimizations presented below are found in many modern compilers.

Loop Interchange

Some programs have nested loops that access data in memory in nonsequential
order. Simply exchanging the nesting of the loops can make the code access the
data in the order in which they are stored. Assuming the arrays do not fit in the
cache, this technique reduces misses by improving spatial locality; reordering
maximizes use of data in a cache block before they are discarded. For example, if x
is a two-dimensional array of size [5000,100] allocated so that x[i,j] and
x[i,j+1] are adjacent (an order called row major, since the array is laid out by
rows), then the two pieces of code below show how the accesses can be optimized:

/* Before */
for (j = 0; j < 100; j = j+1)
for (i = 03 i < 50005 i = i+1)
x[1]1[3] = 2 * x[i][3];
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/* After */
for (i = 0; i < 5000; i = i+1)
for (j = 0; j < 100; j = j+1)
x[i103] = 2 * x[i][3]s

The original code would skip through memory in strides of 100 words, while the
revised version accesses all the words in one cache block before going to the next
block. This optimization improves cache performance without affecting the num-
ber of instructions executed.

Blocking

This optimization improves temporal locality to reduce misses. We are again
dealing with multiple arrays, with some arrays accessed by rows and some by
columns. Storing the arrays row by row (row major order) or column by col-
umn (column major order) does not solve the problem because both rows and
columns are used in every loop iteration. Such orthogonal accesses mean that
transformations such as loop interchange still leave plenty of room for
improvement.

Instead of operating on entire rows or columns of an array, blocked algo-
rithms operate on submatrices or blocks. The goal is to maximize accesses
to the data loaded into the cache before the data are replaced. The code
example below, which performs matrix multiplication, helps motivate the
optimization:

/* Before */

for (i = 0; 1 < N; i = i+1)
for (3 =05 § <N; J=j+l)
{r =0;
for (k = 0; k < N; k =k + 1)
ro=r + y[il[kl*z[k][i];
x[11[3] = r;

The two inner loops read all N-by-N elements of z, read the same N elements in
a row of y repeatedly, and write one row of N elements of x. Figure 2.8 gives a
snapshot of the accesses to the three arrays. A dark shade indicates a recent
access, a light shade indicates an older access, and white means not yet
accessed.

The number of capacity misses clearly depends on N and the size of the cache.
If it can hold all three N-by-N matrices, then all is well, provided there are no
cache conflicts. If the cache can hold one N-by-N matrix and one row of N, then
at least the ith row of y and the array z may stay in the cache. Less than that and
misses may occur for both x and z. In the worst case, there would be N3 + N2
memory words accessed for N* operations.
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Figure 2.8 A snapshot of the three arrays x, y, and z when N = 6 and i = 1. The age of accesses to the array ele-
ments is indicated by shade: white means not yet touched, light means older accesses, and dark means newer
accesses. Compared to Figure 2.9, elements of y and z are read repeatedly to calculate new elements of x. The vari-
ables 1, j, and k are shown along the rows or columns used to access the arrays.

To ensure that the elements being accessed can fit in the cache, the original
code is changed to compute on a submatrix of size B by B. Two inner loops now
compute in steps of size B rather than the full length of x and z. B is called the
blocking factor. (Assume X is initialized to zero.)

/* After */
for (3j = 05 jj < N; jj = jj+B)
for (kk = 0; kk < N; kk = kk+B)
for (i =03 i <N; i = i+l)
for (J = 3js J <min(3j+B,N); j = j+1)
{r =0;
for (k = kk; k < min(kk+B,N); k = k + 1)
r=r + y[i][k]*z[k] [J];

x[i]1[3] = x[i1[3] + r;
}s

Figure 2.9 illustrates the accesses to the three arrays using blocking. Looking
only at capacity misses, the total number of memory words accessed is 2N*/B + N,
This total is an improvement by about a factor of B. Hence, blocking exploits a
combination of spatial and temporal locality, since y benefits from spatial locality
and z benefits from temporal locality.

Although we have aimed at reducing cache misses, blocking can also be used
to help register allocation. By taking a small blocking size such that the block can
be held in registers, we can minimize the number of loads and stores in the
program.

As we shall see in Section 4.8 of Chapter 4, cache blocking is absolutely nec-
essary to get good performance from cache-based processors running applica-
tions using matrices as the primary data structure.
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Figure 2.9 The age of accesses to the arrays x, y, and z when B = 3. Note that, in contrast to Figure 2.8, a smaller
number of elements is accessed.

Ninth Optimization: Hardware Prefetching of Instructions
and Data to Reduce Miss Penalty or Miss Rate

Nonblocking caches effectively reduce the miss penalty by overlapping execu-
tion with memory access. Another approach is to prefetch items before the pro-
cessor requests them. Both instructions and data can be prefetched, either
directly into the caches or into an external buffer that can be more quickly
accessed than main memory.

Instruction prefetch is frequently done in hardware outside of the cache.
Typically, the processor fetches two blocks on a miss: the requested block and the
next consecutive block. The requested block is placed in the instruction cache
when it returns, and the prefetched block is placed into the instruction stream
buffer. If the requested block is present in the instruction stream buffer, the
original cache request is canceled, the block is read from the stream buffer, and
the next prefetch request is issued.

A similar approach can be applied to data accesses [Jouppi 1990]. Palacharla
and Kessler [1994] looked at a set of scientific programs and considered multiple
stream buffers that could handle either instructions or data. They found that eight
stream buffers could capture 50% to 70% of all misses from a processor with two
64 KB four-way set associative caches, one for instructions and the other for data.

The Intel Core i7 supports hardware prefetching into both L1 and L2 with the
most common case of prefetching being accessing the next line. Some earlier
Intel processors used more aggressive hardware prefetching, but that resulted in
reduced performance for some applications, causing some sophisticated users to
turn off the capability.

Figure 2.10 shows the overall performance improvement for a subset of
SPEC2000 programs when hardware prefetching is turned on. Note that this fig-
ure includes only 2 of 12 integer programs, while it includes the majority of the
SPEC floating-point programs.
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Figure 2.10 Speedup due to hardware prefetching on Intel Pentium 4 with hardware prefetching turned on for
2 of 12 SPECint2000 benchmarks and 9 of 14 SPECfp2000 benchmarks. Only the programs that benefit the most
from prefetching are shown; prefetching speeds up the missing 15 SPEC benchmarks by less than 15% [Singhal 2004].

Prefetching relies on utilizing memory bandwidth that otherwise would be
unused, but if it interferes with demand misses it can actually lower performance.
Help from compilers can reduce useless prefetching. When prefetching works
well its impact on power is negligible. When prefetched data are not used or use-
ful data are displaced, prefetching will have a very negative impact on power.

Tenth Optimization: Compiler-Controlled Prefetching to
Reduce Miss Penalty or Miss Rate

An alternative to hardware prefetching is for the compiler to insert prefetch
instructions to request data before the processor needs it. There are two flavors of
prefetch:

m  Register prefetch will load the value into a register.

m  Cache prefetch loads data only into the cache and not the register.

Either of these can be faulting or nonfaulting; that is, the address does or does
not cause an exception for virtual address faults and protection violations. Using
this terminology, a normal load instruction could be considered a “faulting regis-
ter prefetch instruction.” Nonfaulting prefetches simply turn into no-ops if they
would normally result in an exception, which is what we want.
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The most effective prefetch is “semantically invisible” to a program: It
doesn’t change the contents of registers and memory, and it cannot cause Vvir-
tual memory faults. Most processors today offer nonfaulting cache prefetches.
This section assumes nonfaulting cache prefetch, also called nonbinding
prefetch.

Prefetching makes sense only if the processor can proceed while prefetching
the data; that is, the caches do not stall but continue to supply instructions and
data while waiting for the prefetched data to return. As you would expect, the
data cache for such computers is normally nonblocking.

Like hardware-controlled prefetching, the goal is to overlap execution with
the prefetching of data. Loops are the important targets, as they lend themselves
to prefetch optimizations. If the miss penalty is small, the compiler just unrolls
the loop once or twice, and it schedules the prefetches with the execution. If the
miss penalty is large, it uses software pipelining (see Appendix H) or unrolls
many times to prefetch data for a future iteration.

Issuing prefetch instructions incurs an instruction overhead, however, so
compilers must take care to ensure that such overheads do not exceed the bene-
fits. By concentrating on references that are likely to be cache misses, programs
can avoid unnecessary prefetches while improving average memory access time
significantly.

Example

Answer

For the code below, determine which accesses are likely to cause data cache
misses. Next, insert prefetch instructions to reduce misses. Finally, calculate the
number of prefetch instructions executed and the misses avoided by prefetching.
Let’s assume we have an 8 KB direct-mapped data cache with 16-byte blocks,
and it is a write-back cache that does write allocate. The elements of a and b are 8
bytes long since they are double-precision floating-point arrays. There are 3 rows
and 100 columns for a and 101 rows and 3 columns for b. Let’s also assume they
are not in the cache at the start of the program.

for (i = 0; i <3; 1 = i+1)
for (j = 0; j <1005 j = j+1)
a[i1[4] = b[jI[0] * b[j+1]1[0];

The compiler will first determine which accesses are likely to cause cache
misses; otherwise, we will waste time on issuing prefetch instructions for data
that would be hits. Elements of a are written in the order that they are stored in
memory, so a will benefit from spatial locality: The even values of j will miss
and the odd values will hit. Since a has 3 rows and 100 columns, its accesses will
lead to 3 x (100/2), or 150 misses.

The array b does not benefit from spatial locality since the accesses are not in
the order it is stored. The array b does benefit twice from temporal locality: The
same elements are accessed for each iteration of i, and each iteration of j uses
the same value of b as the last iteration. Ignoring potential conflict misses, the
misses due to b will be for b[j+1][0] accesses when i = 0, and also the first



