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Abstract—This paper presents a novel technique
for dynamic selection of parameters for prefetch-
ing heuristics based on the use of shadow tag
directories. Previous methods have been either
static, made for a specific prefetching heuristic,
or based on phase detection and tuning. The
most flexible of these methods is phase detection
and tuning. However, it has a serious drawback
as it degrades performance while exploring the
parameter space, as each configuration is tested on
the running program. Our approach explores the
parameter space using an extra structure called
a shadow tag directory. This allows us to explore
the parameter space without interfering with the
running program, such that a larger parameter
space can be explored without impacting perfor-
mance. This paper examines the performance of
this technique on tagged sequential prefetching,
czone/delta correlation prefetching and reference
prediction tables. In addition, we compare our re-
sults with a feedback directed approach. We show
an overall 24% improvement over the best static
sequential prefetcher and an 18% improvement
versus feedback directed sequential prefetching on
memory intensive SPEC benchmarks.

I. Introduction

The performance of general purpose microproces-
sors continue to increase at a rapid pace, but main
memory has not been able to keep up. In essence,
the processor is able to process several orders of
magnitude more data than main memory is able
to deliver on time. Numerous techniques have been
developed to tolerate or compensate for this gap,
including out-of-order execution, caches, prefetching
and bypassing [9].

By utilizing prefetching, data that has not been
referenced before can be inserted into the cache by
analyzing the behaviour of the program and antici-
pating what data is needed in the future. Previous
prefetching engines, such as sequential [17], refer-
ence prediction tables [4] (RPT) and czone/delta
correlation [11] (C/DC), have static configurations.
To provide the best average performance acroass a
multitude of benchmarks a moderately aggressive
prefetching configuration would be used. This leads

to performance degradation on some programs, as
the prefetching is too aggressive, leading to memory
bus congestion and cache pollution, while on other
programs the full potential of prefetching can not be
achieved because the aggressiveness is too low.

Consequently, there has been much interest in
dynamic parametrization of prefetching heuristics.
The idea is to adapt the prefetching heuristic to the
running program by analyzing its behaviour. After
analyzing the behaviour of the program, the param-
eters of the prefetcher(prefetching degree, prefetch
distance, czone size etc) is adjusted accordingly.

A. Contributions

This paper investigates a general method for dy-
namically selecting prefetching parameters based on
a shadow tag directory. Conceptually, a shadow tag
directory is similar to a regular cache tag directory,
which allows us to simulate the effects of altering
the prefetcher configuration without interfering with
the running program [7, 8, 14]. This method can
be adapted to new prefetching heuristics with lit-
tle effort. In addition, we show the benefit of dy-
namic parameterization with a sample heuristic that
optimizes for performance by estimating prefetcher
usefulness and bandwidth usage. The method is
then evaluated on the memory intensive benchmarks
in the SPEC2000 suite. We evaluate the technique
combined with three different prefetchers, sequen-
tial, C/DC and RPT prefetching. We compare our
scheme to no prefetching, their static counterpart,
feedback directed prefetching and a perfect L2 (a
cache that always hits). We show an overall 24% im-
provement over the best static sequential prefetcher
and an 18% improvement versus feedback directed
sequential prefetching on memory intensive SPEC
benchmarks.

II. Previous Work

A. Feedback Directed Prefetching

A few researchers have investigated dynamic pa-
rameterization of prefetching heuristics in the past.



A direct method is the feedback-based approach,
which measures accuracy, timeliness and cache pol-
lution caused by the prefetcher at runtime [19]. The
values obtained are then fed into a state machine
which in turn increases or decreases aggressiveness
accordingly. Feedback directed prefetching estimates
prefetcher accuracy by tagging each cache line with a
single bit to signify that the line has been prefetched,
but not yet accessed. Two counters are used; one
that is incremented every time a prefetch is issued
and another that is increased when a cache line that
has the bit set is accessed. The ratio can then be
used to estimate prefetcher accuracy. If the accu-
racy is high then the prefetcher aggressiveness is
increased. Prefetcher timeliness and cache pollution
is estimated in a similar way.

B. Tuning
A more general approach to dynamic reconfigu-

ration is tuning. It has been successfully used in
other areas as well, such as adapting the size of
the issue queue to make it more power-efficient [3].
AC/DC prefetching is an extension of the static
C/DC prefetcher that uses tuning to adapt to pro-
gram phases [12].

Tuning works by detecting program phase changes
by using instruction working sets, basic block vectors
(BBV) and conditional branch counts [6]. When
the program changes phase, it is likely that it will
benefit from a reconfiguration of its resources [5].
The prefetching hardware will then search through
the parameter space and select the best configuration
for that phase. Each configuration is tried for a set
amount of time (measured in clock cycles, number of
L2 misses etc). When all the configurations have been
explored, the best configuration is then used until
the next phase change. However, as the parameter
space grows, the time consumed by the search can
become large. Thus, performance is degraded while
the algorithm searches [15].

Tuning is usually implemented as a state machine
with three states: stable, unstable and tuning [1, 5].
The stable state indicates that the best configuration
is selected for that particular portion of the program.
When a program undergoes a phase change it enters
the unstable state. In this state the tuning algorithm
simply waits while the program stabilizes. Once the
program has stabilized, the tuning algorithm enters
the tuning state, where it will search for the best
selection of parameters.

Efficient tuning relies on good phase detection
mechanisms to reliably detect phase changes and

identify similar phases. Phase change detection must
be accurate, but allow for minor changes in program
behaviour, so that it doesn’t trigger tuning unneces-
sarily.

C. Shadow Tag Directories
A shadow tag directory is functionally similar to

a regular cache directory. However, the shadow tag
directory does not have a corresponding data array.
Its purpose is to simulate, at runtime, the result
of having a different prefetching configuration. Both
directories receive the same memory access stream,
and is manipulated accordingly.

Dybdahl et al. used this technique to augment a
cache replacement policy for chip multiprocessors [8].
They used shadow tags for dynamically switching
between their cache replacement policy and the tra-
ditional LRU policy, based on their relative perfor-
mance. A similar work by Dybdahl et al. used shadow
tags to improve cache partitioning in chip multi-
processors [7]. Simultaneously, Qureshi et al. used
shadow tags1 to switch between a cache replacement
policy that optimizes the amount of memory level
parallelism and the traditional LRU policy [14].

Both papers illustrate that the shadow tag direc-
tory only needs to contain about 20 sets to be effec-
tive. Qureshi establishes this by use of an interesting
statistical proof. Although the two papers differ in
the selection of the 20 sets, the results are similar.

III. Methodology

A. Shadow Tag Controlled Prefetching
We propose a new approach to dynamic tuning

of prefetching heuristics by using a shadow tag di-
rectory. Our architecture has two levels of cache
and main memory as shown in Figure 1. The main
prefetching engine is connected to the second level
cache. All second level cache accesses are also prop-
agated to the shadow tag directory. The shadow tag
directory is similar in configuration to the L2 cache,
but does not hold any actual data. It is connected to
another prefetch engine running with an alternative
configuration.

The controller is a small unit responsible for recon-
figuring the prefetch engines based on data gathered
from the two tag directories. After 20002 cache misses
have occurred in the real L2 cache, the performance
of the two configurations are compared. If the results

1Qureshi et al. uses the term auxiliary tag directory.
2Earlier research has by Dybdahl[7] has shown that compar-

ing every 1000 misses is preferable. We found that an interval
of 2000 L2 misses provided more robustness.
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Figure 1. The proposed architecture. The L1 cache is con-
nected to both the L2 cache and the shadow tag directory. The
controller evaluates the performance of the two configurations
and reconfigures the prefetchers accordingly.

from the shadow tags are better than the results
from the real L2 cache, then the configuration of the
shadow-prefetcher is applied to the main prefetcher.

In either case, the shadow-prefetcher is then recon-
figured, so that another configuration is explored.

The shadow tag directory is similar to the L2 tag
directory, every access by the processor is inserted
into the tag directory. In addition, the miss address
stream fed into the shadow-prefetcher which uses
this information to generate (simulated) shadow-
prefetches. These shadow prefetches are then inserted
into the shadow tag directory, so that the shadow tag
directory reflects the state it would have been in if
the prefetches would have been issued.

To estimate the hardware overhead of using a
shadow tag directory we have used the cache mod-
elling tool Cacti [16]. In 65nm technology the tag
directory of the L2 cache used in this paper uses 0.12
mm2, while the L2 itself uses 7.48 mm2. A shadow
tag array would thus increase the size of the L2 by
1.6%.

However, both Dybdahl and Qureshi [7, 8, 14]
have shown that it is only necessary to replicate 20
of the 512 sets for accurate predictions. In other
words, the area requirements for the shadow tags

can potentially be reduced to around 0.005 mm2, or
about an increase in L2 size of 0.06%.

Additionally, it is possible to use the shadow tag
directory for other performance enhancing techniques
such as increasing the amount of memory level par-
allelism [14] and temporal locality of the cache [7, 8].
Thus this hardware cost can be amortized across
several techniques.

In this paper we have used a full-sized shadow tag
directory for our simulations, replicating all the sets
in the original L2 cache.

B. Prefetch Configuration Selection Heuristic

The overall goal is to increase performance in terms
of IPC (Instructions Per Clock Cycle). It is not
possible to directly measure the effect on IPC by
using shadow tags as they contain no data. By using
the methods described by Srinath [19] it is possible
to estimate prefetcher accuracy, timeliness and cache
pollution in addition to the number of cache misses
and cache hits.

When a prefetch is issued, a counter is increased
(indicating the number of prefetches issued) and a
prefetched-bit is set in the corresponding cache line.
This bit is already present when using sequential
prefetching, and thus causes no additional overhead.
The first time a cache line with this bit set is
referenced by the program, the bit is cleared and
another counter (indicating the number of successful
prefetches) is increased. By dividing the two num-
bers, we get an estimate of the prefetchers accuracy.

A simple method for estimating memory traffic
is used. We record the number of L2 misses that
would have occurred if the shadow tag directory
configuration was used. By dividing the number of
clock cycles elapsed by the amount of L2 misses, we
get an estimate of the amount of memory traffic that
would occur if the shadow configuration is used.

Initially, the real prefetcher is set to a prefetching
degree of zero (or off). The shadow prefetcher is set
to a random prefetching degree (0-16) and a random
prefetch distance (0-16) (and a random czone size
(4KB-4MB) if applicable). After 2000 L2 misses has
occurred, the two configurations are evaluated.

We use a fitness function to evaluate both config-
urations:

F = Hits− Late

4
− b2BW−T c (1)

Our heuristic has three components. First, we use
the number of cache hits. Since we evaluate the two
configurations after 2000 L2 misses, this gives us
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indirectly a measurement of the hit-ratio. The second
component is the number of late prefetches. Late
prefetches are prefetches that have been issued, but
have been issued too late to fully cover the complete
memory latency. This component is estimated by us-
ing a prefetch bit in the MSHRs in a similar manner
as the method used by Srinath [19]. To decrease the
number of late prefetches a prefetcher needs to issue
prefetches with a larger prefetch distance. The last
component is a simple function depending on the
bandwidth usage. We estimate bandwidth usage by
using the number of cache misses that have occurred
and the time elapsed, this number is denoted BW
(Bandwidth Usage). To ensure that this component
does not become dominant when there is ample
bandwidth available, we subtract a fixed threshold
value from this number (T ).

If the fitness of the shadow tag directory exceeds
that of the real cache, the configuration of the shadow
tag prefetcher is adopted to the real prefetcher. Then
a new random configuration for the shadow tags is
chosen and the process is repeated.

C. Experimental Setup

For the evaluation of this proposed architecture
we have extended the Simplescalar [2] simulator with
shadow tag directories, prefetching and a new model
for main memory that simulates contention. Our
main memory model models DDR2 memory and
accounts for split transactions, open/closed pages,
burst mode, multiple channels and pipelining. The
setup can be found in table I. We used the re-
duced data set [10] SPEC2000 benchmarks [18]. This
datasets allows us to run each benchmark to comple-
tion. To compensate for the small datasets, the L2
cache is relatively small compared to the aggressive
core. This was done to force more misses in the L2
cache and further stress the memory subsystem.

Out of the 26 benchmarks in the suite, we have
selected the 10 most memory intensive applications
measured in terms of the number of memory accesses
per instruction. On the remaining 16 benchmarks in
the SPEC2000 benchmark suite we observe no signif-
icant performance improvement or degradation. This
is due to the entire data set of the benchmark fitting
inside the L2 cache, thus giving little opportunity for
prefetching. Thus these 16 benchmarks are omitted
in the remainder of this paper.

IV. Results

We have examined our technique on three different
prefetching heuristics, tagged sequential, czone/delta

correlation (C/DC) and reference prediction tables
(RPT). We compare our dynamic scheme to no
prefetching, the best static parameter selection, feed-
back directed prefetching and a perfect L2 (a L2
that never misses). The original implementation of
feedback directed prefetching included a method for
controlling the insertion policy of prefetched cache-
lines. This part of feedback directed prefetching has
been omitted to make it easier to compare the two
methods.

1) Sequential Prefetching: In figure 2 we show
the performance of the 10 most memory-constrained
benchmarks in the SPEC2000 benchmark using se-
quential prefetching. First, we observe that the static
configuration leads to degraded performance on both
Mcf and Bzip2 compared to the case of no prefetch-
ing, while our shadow tag scheme only has a minor
regression on Bzip2. Furthermore, we see significant
improvements on the Ammp benchmark. Shadow
tag prefetching gets an IPC of 0.55 while feedback
directed prefetching gets an IPC of 0.46. This is
due to the very low accuracy (4%) of sequential
prefetching, which leads feedback directed prefetch-
ing to not increase aggressiveness to the required
level. In total we observe a 18% increase in harmonic
mean compared to feedback directed prefetching,
24% improvement over the static configuration and
48% over no prefetching. In addition, we observe that
the largest regression compared to feedback directed
prefetching is 5% (Bzip2).

2) C/DC prefetching: In figure 3 we show the
performance of the techniques on czone/delta corre-
lation prefetching. Feedback directed prefetching has
no method for controlling czone size directly, so we
have used the best static value for the czone size. We
observe that the static configured C/DC prefetcher
shows regressions on Applu and Facerec. However,
shadow tags performs better than both feedback di-
rected and static prefetching. In addition, the perfor-
mance on Ammp is increased even further. Overall,
we observe an increase in harmonic mean by 58%
compared to no prefetching, 5.6% improvement ver-
sus static prefetching and a 5% improvement versus
feedback directed prefetching. It is worth noting that
we observe a significantly higher prefetching accuracy
on C/DC prefetching than sequential prefetching.

3) RPT prefetching: Reference Prediction Tables
is a very robust technique. Our results for this
prefetching technique is shown in figure 4. It has a
very high prefetch accuracy (more than 90%), but
lower coverage than the other prefetchers. Even with
a static configuration we observe no regressions ver-
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Figure 2. Performance of dynamic parameter selection on static prefetching.
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Clock Frequency 4 GHz
Processor Width 4 instructions/cycle
Register Update Unit 64 instructions
Load/Store Queue 32 instructions
Fetch Queue 16 instructions

4 ALUs, 1 Integer Multiply/Divide
Functional Units 4 FPUs, 1 Floating Point Multiply/Divide

Combined, Bimodal 4K entry table, 2-level 1K
table, 10 bit history table, 4K Chooser, 4-way

Branch Predictor 512 entry BTB, 15 cycles miss predict penalty
TLB (D & I) 128 entry full associative, 30 cycle miss penalty
Level 1 D-Cache 8K 4-way, 64B blocks, LRU 2 cycle latency
Level 1 I-Cache 8K 4-way, 64B blocks, LRU 2 cycle latency
Level 2 Cache 512K 8-way, 128B blocks, LRU, 7 cycle latency
Main Memory 160 cycle latency, max bandwidth 9GB/s

Table I
The simulation parameters used with SimpleScalar.
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Figure 4. Performance of dynamic parameter selection on RPT prefetching.

sus the case of no prefetching. The dynamic schemes
perform as well or better than the static configura-
tion in all but two cases: Ammp and Facerec. We
observe an increase of 58.2% in harmonic mean by
using shadow tags versus no prefetching. However,
the gains versus static prefetching is smaller, only
4.8%. The difference versus feedback directed is min-
imal, 0.48%. It should be noted that RPT prefetching
requires that the address of the load-instruction is
included with every memory request, thus making it

expensive to implement in hardware.

A. Bandwidth Usage

Prefetching will necessarily increase bandwidth re-
quirements (unless the prefetcher is 100% accurate).
Figure 5 shows the bandwidth usage for each bench-
mark. The numbers have been normalized to the
case of no prefetching. Overall, sequential prefetching
requires a substantially more bandwidth than C/DC
or RPT prefetching. Furthermore, the bandwidth
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Figure 6. Performance of shadow tag prefetching as a function
of parameters to the heuristic.

requirements of Ammp and Bzip2 stands out as
excessive. This can be justified, especially on Ammp
where performance is increased by a considerable
amount. On average shadow tag prefetching requires
11% more bandwidth for sequential prefetching com-
pared to a static configuration, while it requires 0.7%
more on C/DC prefetching and 3.4% more on RPT
prefetching. However, it should be added that our
heuristic is designed to use whatever bandwidth is
available.

B. Sensitivity Analysis

In this section, we look at some of the parameters
that we have used in our heuristic. In figure 6 we
look at how often the reconfiguration occurs (Misses
between reconfiguration) and the number of consecu-
tive checks where the shadow tags must outperform
the real cache for the configuration of the shadow
tags to be adopted (Count). These two parameters
do not have a significant impact on the harmonic
mean of IPC. The difference in IPC is only 2.5%.
It should be noted that configurations such as 500
L2 misses and a count of 1 is more unstable. Some
benchmarks will benefit greatly, while others gets
reduced performance, however, the speedups and
slowdowns evens up over multiple benchmarks.

Figure 7 shows the harmonic mean of IPC for the
benchmarks as a function of the bandwidth thresh-
old. The number on the X-axis represents the average
number of clock cycles between memory accesses. A
low number denotes that a configuration with a high
bandwidth usage will be penalized less. This graph
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Figure 7. Performance of shadow tag prefetching as a function
of the bandwidth threshold parameter.

shows that if the heuristic is not penalized for using
too much bandwidth then performance drops. It is
worth noting the sharp increase in IPC in the interval
20 to 40. This interval represents a bus utilization
around 80%.

V. Discussion

A. Parameter Space Exploration

In this paper the configuration to be tested on
the shadow tags were chosen randomly across the
whole parameter space. We have also experimented
with using hill climbing to explore the parameter
space. Hill climbing only looks at small changes in the
configuration and selects the best configuration out
of those tested. A known problem with hill climbing
is that it can get stuck in local optima and thus not
find the global optimum. We believe that such local
optima are not likely to be stable as the program
runs. However, because hill climbing “moves” slower
across the parameter space, we observed a 18% de-
crease in performance on some benchmarks that were
too short for the hill climbing technique to converge
on a good solution.

There are other approaches that could be used,
such as genetic algorithms and simulated annealing
[13].

B. Clearing the Shadow Tags

Initially, we were concerned that not clearing the
shadow tag directory between two configurations
would pollute subsequent measurements. We exam-
ined the effect of copying the contents of the real
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tag directory to the shadow tag directory after each
reconfiguration. We found that copying had little
impact on performance (we observed only a 0.1% im-
provement by using a copying function). In addition,
the cost of such a mechanism would be prohibitive
both in terms of area and power.

VI. Conclusion

In this paper we present a novel technique for dy-
namic parameterization of prefetching heuristics. By
using this technique we observe an overall improve-
ment in IPC by 24% over the static configuration and
a 18% improvement over feedback-directed prefetch-
ing. However, the relatively large improvements seen
on single benchmarks are equally important. In ad-
dition, we observed no regressions against the case
of no prefetching, which makes the method robust
and only one regression against the case of a static
prefetcher.

In terms of cost, the L2 is increased in size by
1.6% for an overall gain of 24%. It might be possible
to reduced this to about 0.06% if the methods by
Dybdahl et al. and Qureshi et al. can be used with
prefetching. The shadow tag directory can be used for
other purposes as well, such as optimizing memory
level parallelism and enhancing the cache replace-
ment policy, thus amortizing this cost over several
performance enhancing techniques.
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