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Abstract. In this paper, we propose a novel approach to reduce dy-
namic power in set-associative caches that leverages on a leakage-saving
proposal, namely Cache Decay. We thus open the possibility to unify
dynamic and leakage management in the same framework. The main
intuition is that in a decaying cache, dead lines in a set need not be
searched. Thus, rather than trying to predict which cache way holds a
specific line, we predict, for each way, whether the line could be live in
it. We access all the ways that possibly contain the live line and we call
this way-selection. In contrast to way-prediction, way-selection cannot
be wrong: the line is either in the selected ways or not in the cache.
The important implication is that we have a fixed hit time — indis-
pensable for both performance and ease-of-implementation reasons. In
order to achieve high accuracy, in terms of total ways accessed, we use
Decaying Bloom filters to track only the live lines in ways — dead lines
are automatically purged. We offer efficient implementations of such au-
tonomously Decaying Bloom filters, using novel quasi-static cells. Our
prediction approach grants us high-accuracy in narrowing the choice of
ways for hits as well as the ability to predict misses — a known weakness
of way-prediction.

1 Introduction

Power consumption is a prime concern for the design of caches and numerous
techniques have been proposed to reduce either leakage [9,14,19] or dynamic
power [11,12,25,26] but without a clear understanding of how to integrate them
in a single implementation. We propose a new approach for reducing dynamic
power in set-associative caches by exploiting a previous leakage-saving proposal.
Specifically, we use Cache Decay [14] to identify dead cachelines, which we then
exclude from the associative search.

Our proposal is different from way-prediction proposals that precede it. We
do not try to predict a single way for an access but we base our approach on
information about what is live and what is dead in the cache. In effect, instead of
predicting a way number, we predict whether an access refers to a live line. We
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Fig. 1. Way-Prediction implemented as an array of way-number predictions or as way-
presence vectors with at most one bit set per vector.
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make this prediction for each cache way and we access only the ways that can
possibly hold the line in a live state — we call this way-selection. Way-selection
cannot be wrong: the accessed line is either among the selected lines or it is a
miss. As a result, we have a fized hit time as opposed to way-prediction. This
is a significant advantage in terms of implementation complexity (with respect
to cache pipelining) but more importantly, interms of performance [8]. Variable
hit latency in L1 not only slows down the cache, but creates many difficulties in
efficiently scheduling depended instructions in the core.

To achieve high-prediction accuracy, we use a special form of membership-
testing hash tables called Bloom filters [3] to track liveliness information for
individual lines, per cache way. A normal Bloom filter (per way) would tell us
whether a line possibly appeared before in a specific way, but without accounting
for the possibility of the line being already dead. By decaying Bloom filter entries
in concert with corresponding lines, a Decaying Bloom filter reflects the presence
of the live lines only.

A significant benefit of decaying Bloom filter entries is the early prediction
of cache misses. This is due to the Bloom filters reflecting the presence of live
data in the cache and responding negatively to accesses that are going to miss.
Early miss prediction is a boost to both performance and power savings since
the cache can be bypassed completely on misses [8].

For simple and efficient implementations we propose and study various forms
of Decaying Bloom filters, including Self-Decaying Bloom filters which decay
their entries autonomously and require no decay feedback from the cache. To
support power-efficient implementations of self-decaying Bloom filters we pro-
pose novel quasi-static cells designed to offer the necessary decay functionality
for Bloom filters

Structure of the Paper: Section 2 motivates the need for a new approach
and presents our proposal. Section 3 discusses details for efficient implementa-
tions. Section 4 presents our methodology and Section 5 our results. Section 6
reviews previous work and Section 7 concludes with a summary



Fig. 2. Decay and Way-Selection using Decay bits.
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2 Way-Selection and Decaying Bloom Filters

2.1 What is wrong with Way-Prediction?

Way-prediction was initially proposed to address latency in set-associative caches
[2,4,5]. These techniques also lead to power savings since they circumvent the
associative search [10,11,13,25,26]. Way-prediction techniques aim to predict
a single way where a reference might hit. Figure 1 shows the general view of
way-prediction for a 4-way set-associative cache. For an n-way cache, the way-
predictor can be viewed either as an array of log2(n)-bit binary numbers or a
n-bit presence vector.

A correct prediction results in a fast hit and yields power benefits roughly
proportional to the associativity (a single way out of n is accessed). On the other
hand, a way misprediction, results in no power savings, and a slow hit, not only
because the rest of the ways need to be searched with a subsequent cache access
but also because the instructions that depend on the accessed value need to be
flushed and re-issued in the core [8,22]. A variable hit latency also complicates
cache pipelining adding to its overall complexity with special cases such as a
slow-hit (a replay of a mispredicted hit).

For fast scheduling of dependent instructions it is very important not only to
have a fixed hit time (as we propose) but also to be able to predict misses early.
Way-prediction techniques cannot predict misses — predictions are produced
even on misses. Additional mechanisms to handle misses are required, e.g., pre-
dicting misses with an instruction-based predictor [26], or using Bloom filters to
detect some of the misses [8]. Our approach eliminates the need to handle misses
separately, encompassing the work of [8].

Some of the most sophisticated way-prediction techniques are those based
on a combination of selective direct-mapping (DM) and way-prediction [11, 26].
In this paper we compare against one such scheme called MMRU [26]. We will
describe this scheme further in Section 2.

2.2 Way-Selection

Cache decay was initially proposed to reduce leakage power in caches [14]. It is
based on the generational behavior of cachelines, whereupon a cacheline initially



Fig. 3. Bloom Filters (one per way) sized to disambiguate 2 tag bits (Bloom filters not
drawn to scale).
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goes through a “live time”, where it is accessed frequently, followed by a “dead
time”, where it simply awaits eviction. Cache decay shuts-off unneeded cachelines
after some period of inactivity — called decay interval — assuming the lines
have entered their dead time. The decay interval is measured with coarse 2-bit
counters, local to each line, that are advanced by a global cycle counter (local
counters are reset with accesses to the lines). A decay (valid) bit in the tag shows
whether the line can be accessed or is dead (Fig. 2).

The simplest scheme to take advantage of cache decay for dynamic power
reduction is to consult the decay status bits of the lines to enable accesses only
to the live ways, and obtain dynamic power savings. We call this technique
way-selection to distinguish it from way-prediction. The difference is that way-
selection selects zero or more ways (up to all the ways) for each access whereas
way-prediction strictly chooses a single way to access at all times. Because of this
difference way-prediction can mispredict and require a second access, while way-
selection cannot. In the case where all the lines in a set are dead, our technique
predicts the miss simply by looking at the decay bits.

Decay bits, however, do not offer very high accuracy: many times more than
one line in a set is live and it is rare to find a completely dead set (in order
to predict a miss). In other words, decay bits do not disambiguate beyond the
cache index. Ideally, we want to disambiguate addresses at a chosen depth. Thus,
we can predict with high probability whether a specific line is live rather than
obtain a blanket prediction of which ways are live in the line’s set. The benefits
are two-fold: high probability of identifying a single way for a line for possible
hits and high probability of identifying misses early.

Furthermore, decay bits are typically embedded in the tag array, while we
would like to have a separate array that we can access prior to the cache, similarly
to other way-prediction structures [4,11,26]. We accomplish our goals using
appropriately sized Bloom filters [3] instead of decay bits as our predictors.

Decay hardware
not shown

2.3 Decaying Bloom filters

Bloom filters [3] are hash tables that implement a non-membership function.
Each Bloom filter entry is a single bit: 1 denotes presence of an object hashed on



Fig. 4. Behavior equivalence for 3 different implementations of a single Decaying Bloom
filter entry which accomodates 3 distinct cachelines overlapping in time.
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this entry; 0 denotes absence of any object that can hash on this entry. A Bloom
filter tells us with certainty when something is not present, but it cannot tell us
what exactly is present because of possible conflicts in its entries. Way-selection
with Bloom filters is shown in Fig. 3 where the role of the decay bits now is
performed by Bloom filters sized to disambiguate two additionaltag bits.

The main weakness of Bloom filters is that it is difficult to update them as
there is no way to tell what is in them. In order to solve this problem, Peir et
al. use helper structures called Collision Detectors [8] while Sethumadhavan et
al. propose using small n-bit up-down saturating counters as Bloom filter entries
[17]. In this case, a Bloom filter entry stores the number of objects that hash on
it. As long as the total number of inserted objects does not exceed the maximum
count, the Bloom filter works as expected. In contrast, we use decay to update
our Bloom filters: deletion of a dead line from the Bloom filters is equivalent to
the decay of the corresponding Bloom entry. Note that, a Bloom entry stays live
until the last of the lines that hash on it decays.

Decaying Bloom filters track only live data and thus are more accurate. Their
entries can decay using feedback from a decaying cache, or autonomously. The
latter variety, which we call Self-Decaying Bloom filters (SDBF) is very appeal-
ing in terms of implementation simplicity since it does not require a feedback
connection to the cache.

While feedback or externally decayed Bloom filters are implemented with
2-bit counters [17], SDBFs can be digital or analog implementations. Digital im-
plementations use 2-bit counters corresponding to the local decay counters of the
cache, so they can be quite expensive. Thus, for SDBFs, the analog design of-
fers the least expensive implementation. We propose using decaying 4-Transistor
quasi-static RAM cells [23] as Bloom filter entries. Once written, these cells lose
their charge because of leakage after some preset decay interval unless they
are accessed and, consequently, recharged.

Functionally, all the decaying Bloom filter implementations are equivalent.
Figure 4 shows the behavior of a single Bloom entry on which three distinct lines
are hashed. The top diagram depicts the behavior of a 2-bit saturating counter



Fig. 5. 5-T Asymmetrically Decaying Bit.
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which is externally decayed. As live lines are hashed on the entry its counter is
increased to three; it is decremented upon decay of the lines. The middle diagram
shows the behavior of a digitally implemented SDBF. The decay counter is reset
to its maximum count whenever a line is accessed and progressively decreases.
Only when all lines decay the entry’s counter can fall to zero. Finally, the bottom
diagram shows an analog SDBF where the behavior of the decay counter is
replaced by the discharge behavior of a quasi-static memory cell.

3 Efficient Analog Implementations

Analog implementations of SDBFs being inexpensive and power-efficient, are
appealing. We need, however, to carefully design them for the required function-
ality. This section discusses analog implementations issues and our solutions.

A decayed 4T cell yields a random value. Regardless of the value written
in the 4T cell, decay means that its high node drops to the level of its low node
(which floats slightly above ground at the decayed state). Thus, a decayed 4T
cell is not capable in producing a significant voltage differential on its bit lines,
causing the sense-amps to assume a random state at the end of their sense time.
Furthermore, the cell itself might flip to a random state when connected to the
bit lines. This is not a concern if the 4T stores non-architectural state [23]. But
in our case, we wish to have a specific decay behavior: ones decay to zeros to
signify absence of the corresponding line but zeros should remain intact since
the benefit in Bloom filters comes from the certainty they provide.

Figure 5 shows our solution. We simply re-instate one of the pMOS transistors
connected to Vdd of the 6T design in the 4T design. By doing so we create an
asymmetric cell, that stores logical zeroes in a static fashion and flips decayed
logical ones to zeros. In Fig. 5 we can see a SPICE simulation of a typical
flipping procedure. While the cell is in the flipping phase, reading its value
is unpredictable. Fortunately, the window that this can happen is very small
(Table 1). We handle such transient states as a soft error. Even though these
reading errors might not be as infrequent as soft errors, they are still quite rare
and this is why they are not a significant source of performance degradation [20].

For our 5T cells it is important to control the retention and flip times. These
times greatly depend on technology: as we move to nano-scale technologies, re-
tention times and flip times become smaller. Frequencies scale too, but in a more
conservative way. We need retention times in the range of a few thousand cycles



Table 1. Retention and Flip Times for Various RAM Cells.

Type of Cell Retention Time [Flip Time (cycles)

6T (cycle=0.2ns) - (cycles) -
5T (cycle=0.2ns) | 1500 (cycles) 75
5T+1 (cycle=0.2ns) (1500000 (cycles) 590000

4T (cycle=0.2ns) 700 (cycles) -
4T+1 (cycle=0.2ns)| 4500 (cycles) -

Fig. 6. Decoupled access-refresh decay cells.
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but a 5T cell cannot achieve such long retention times by itself. To adjust its
retention time we introduce an extra nMOS in series to ground. Forward-biasing
such ground nMOS allows us to precisely control leakage currents, practically
placing a resistor in the 5T cell’s path to ground. Table 1 shows a typical set
of retention and flip times for 4T, 5T, and 6T cells, for 70nm technology, and a
5GHz clock, with and without ground transistors. Our aim here is not to give
absolute numbers but to show that we have the capability to design retention
times that suit our architectural needs.

Our design also solves another problem with 4T decay, namely its dependence
to temperature (leakage is exponential to temperature). An inexpensive 4T De-
cay Temperature sensor [15,16] monitors temperature and biases the ground
transistor appropriately to yield desired decay times.

A live cell is recharged when read. This is an inherent property of the
quasi-static cells and the basis of keeping accessed entries alive. However, the
problem is that we inadvertently keep other Bloom-filter entries alive (which
should have decayed) just by reading them. The correct refresh behavior is to
refresh only the entry corresponding to a hit and nothing else. Our solution is to
decouple an entry’s access from its refresh. Each entry is composed of two bits:
an access bit (just for reading) and a refresh bit (for updating). The refresh bit is
charged only in the case of a hit in the corresponding way while the access bit is
redundantly refreshed with every access. The novelty of our design is that these
two bits are coupled in such a way that when the refresh bit decays, it forces
the access bit to promptly follow. This is accomplished simply by connecting the
high node of the refresh bit to the leakage-control ground transistor of the access
bit via a low-leak inverter. When the refresh bit decays, leakage in the access bit
is increased by two orders of magnitude. The detailed design is shown in Fig. 6.

Soft errors and short decay intervals. Soft-errors, 5T transient states, or
thermal variations, can lead to Bloom decay errors which appear as artificially



shortened decay intervals. In this case, a Bloom filter entry decays before its
corresponding cacheline. The Bloom filter reports misleadingly that the line is
not in the cache. Since the benefit comes from trusting the Bloom filter and
not to search the cache, in case of an error we experience a Bloom-Induced Miss
— the line is still in the cache.

The solution to the Bloom-induced misses is readily provided in cache hi-
erarchies that support coherency — such as those in the majority of high-
performance processors today. Coherent cache hierarchies typically adhere to
the inclusion property [1], e.g., L1’s contents are strictly a subset of L2’s. To
support inclusion, snooping caches implement an inclusion bit alongside their
other coherence bits (MESI). The inclusion bit is set if the line exists at a higher
level and cleared in the opposite case. Under this scenario the L2 does not ex-
pect a miss from the L1 for a line whose inclusion bit is set — a sign of a
Bloom-induced miss. Thus, the L2 acts as a safety net for L1 Bloom-misses.
Bloom-induced misses are detected in L2 and L1 is advised of its mistake. The
penalty for a Bloom-induced miss is an access of the L2’s tags. There is no other
associated overhead, such as data transfer. It is evident that this safety-net pro-
tection is not offered for the L2 (the level before main memory) where the cost
of a Bloom-induced miss a — main memory access — is also very high. In this
case we use digital SDBFs or digital externally-decayed Bloom filters.

4 Methodology

Here, we discuss our simulation setup, details of the MMRU scheme we compare
against and latency and power issues affecting the comparisons.

Simulation Setup. For our simulations we use Wattch [6] and Cacti [24].
We simulate a 4-issue processor with 32K, 32-byte block, 3-cycle L1 cache and
a 1M, 64-byte block, 8-way, 15-cycle L2 cache. For the L1 we assume, optimisti-
cally, a 3-cycle pipelined design [22]. Although we do not penalize competing
approaches with mis-scheduling overhead we refer the reader to [8] for its perfor-
mance quantification. Our performance results do reflect, however, the negative
impact of slow hit times (343 cycles) for way-prediction as well as the latency
benefits of predicting misses (1 cycle). We run all SPEC2000 benchmarks with
the reference inputs, skipping the first billion instructions and collecting statis-
tics for the second half billion. In all graphs the benchmarks are sorted by the
base case miss-rate (lowest to highest).

MMRU and Bloom filter sizing. Multi-MRU or MMRU [26] is a virtual
“selective-DM” extension of the Most Recently Used (MRU) way-prediction [4].
MRU returns the most recently accessed way of a set as its prediction but MMRU
allows multiple MRU predictors to disambiguiate among different tags (Fig. 7).
All tags in a set ending with the same bits are tracked by the same MRU table.

While we can use Bloom filters of any size — trading their accuracy — we
size the Bloom filters to equal aggregate size to MMRU way-predictors. This
configuration is shown in Fig. 8 for 4-way caches. The Bloom filters are shown
partitioned according to the two lower tag bits for direct comparisons with the



Fig. 7. Multi-MRU employes N MRU predictors (N == assoc) to disambiguate among
different tags.
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MMRU. Note the important differences from Fig. 7: the four Bloom filters perway
collectively allow more than one bit in the presence vector for the *00 tag; the
presence vector for a decayed tag (e.g., tag *10) is 0 — it is the decay of the
Bloom entries that give us the ability to predict misses.

Latency issues. Early way-prediction papers focused on reducing the la-
tency of L1 set-associative caches [2,4,10,5]. For such schemes to work well,
way-prediction must be performed prior to cache access. Approximate-address
indexing schemes [4] or instruction-PC indexing [2,5] were proposed for this
reason. PC-based schemes suffer from low prediction accuracy and implementa-
tion complexity [11]. Consistently, using the effective address yields the highest
prediction accuracy [2,4,5,11].

Our view is that it is not as critical any longer to use approximate indexing
schemes, given that L1 caches are not single-cycle. L1 caches are by necessity
pipelined [22]. In this environment, predictor access can take place in the first
pipeline stage or even occupy its own stage. Predictor access proceeds in parallel
with decode and halts further operations in subsequent cycles once the predictor
outcome is known. Our Cacti simulations show that accessing a small predictor
structure of few kilobits is comparable in latency to L1 decode, in accordance
to previous work. Power expended in cache decode, in parallel with predictor
access, is fully accounted in our methodology.

Power issues. Our approach introduces two sources of additional power: i)
Bloom filters arrays, and ii) decay-induced misses. Our Cacti estimates showed
that energy for accessing the largest predictor (Bloom or MMRU) is less than
1% of a full L1 access (in accordance to prior work [11,26]).

We consider the extra dynamic power of decay-induced misses (extra accesses
to lower level caches due to incorrect decay of cachelines) to be part of the
leakage savings [14]. Having a decaying cache to reduce leakage, one would have



Fig. 9. 4-way SDBF vs. MMRU: ways accessed on hits, on misses and in total.
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to pay for this dynamic-power penalty regardless of any additional mechanism
for dynamic power reduction. Of course, we do not count leakage savings as part
of our benefits. However, we do take into account the performance penalty due
to decay. As we will show, we turn this performance penalty into a performance
benefit with way-selection and SDBF.

5 Results

We show simulation results for two cases: first we show how decaying Bloom
filters compare against MMRU for 4-way caches. We then show the scalability
of our approach to higher associativity (8-way and 16-way).

5.1 Decaying Bloom filters vs. MMRU

The main result of this section is that way-selection with Decaying Bloom filters
is more power-efficient than the highly accurate MMRU. As we show, this is
mainly because our approach predicts misses.

SDBF's use a decay interval of 8Kcycles. They are coupled to a decaying cache
(32KB) with the same decay interval. We use a fixed decay interval without
adaptive decay [7,14]. However, 8Kcycles is not the ideal decay interval for
many of the benchmarks [21]. With SDBFs, one can adjust only a global decay
interval, thus Adaptive Mode Control [7] or the Control-theoretic approach of
[18] are appropriate adaptive schemes for our case but not the per-line adaptive
decay [14]. We expect that adaptive decay is largely orthogonal to our work and



Fig. 10. 4-way SDBF vs. MMRU: execution time, relative EDP.
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it will further improve our proposal. The most interesting results in this section,
however, are about SDBF vs. MMRU. Both are equal in cost and disambiguate
2 tag bits beyond the cache index.

The top graph in Fig. 9 shows the number of ways accessed on hits for SDBF
and MMRU. The numbers are normalized to the number of ways accessed by the
base case without any prediction. SDBF lags behind MMRU — this is the result
of selecting more than one way to access in our predictions. In contrast, SDBF
does very well in reducing the number of ways accessed on misses (Figure 9,
middle), predicting zero ways for most misses for an average of 10% of the
total ways of the base case for misses. In fact, the greater the miss rate of the
benchmark, the better SDBF does compared to MMRU which always accesses
100% of the ways of the base case on misses. On average SDBF accesses 29% of
the total ways of the base case, while MMRU accesses 31% (Fig. 9, bottom).

In terms of execution time, SDBF speeds up many benchmarks, MMRU
slows down most benchmarks (by about 1% on average, but more than 3% for
the high-miss-rate ammp and art as shown in Fig. 10, top graph). The very
small slowdown of MMRU attests to the fact that we do not simulate in enough
detail the negative effects of variable hit latency on the cache pipeline or on the
scheduling of dependent instructions [8]. On the other hand, it should be noted
that SDBF speeds-up a decaying cache which is inherently at a performance dis-
advantage (compared to a normal non-decaying cache) because of decay-induced
misses. Under these conditions the relative energy-delay product (EDP) of the
SDBF is 9% better than MMRU’s (Fig. 10, bottom graph).

5.2 Scaling with Associativity

In this section we discuss how associativity affects SDBF and MMRU. Fig. 11
and Fig. 12 show the results for an 8-way 32KB L1 cache. SDBF improves
dramatically in 8-way caches for both hits and misses. Its improvement in hits
(Fig. 11, top graph) allows it to easily approach MMRU while further increasing
its distance for the misses (Fig. 11, middle graph). Note also the improvement



Fig.11. 8-way SDBF vs. MMRU: ways accessed on hits, on misses and in total.
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prediction of misses.

With respect to execution time (Fig. 12, top graph) for SDBF, overhead due
to decay-induced misses tends to be more pronounced since the base 8-way cache
has an improved miss rate. However, this is balanced by the improved prediction
of misses and the resulting “fast” misses. Overall, we have no significant change
for SDBF speed-up. For MMRU, we have a small increase in its slow-down (across
most benchmarks) as a combined effect of decreased accuracy and improved miss-
rate of the base case. In 8 ways, energy-delay is improved for MMRU but not as
much as for SDBF which doubles its distance from MMRU to 21%.

Finally, Table 2 compares the averages (over all benchmarks) for the various
metrics for up to 16-ways. Ways accessed are reported as a percentage of the base
case without prediction. As we can see SDBF matches the performance of MMRU
on hits in 16-ways while at the same time increases its distance significantly
for the misses. The result is that SDBF halves its percentage of total ways
accessed (29% for 4-ways, 15% for 8-ways, 7% for 16-ways) with each doubling in
associativity while MMRU improves much slower (31%, 20%, 14% respectively).
Power savings follow the trend of the total ways accessed and relative EDP
improves with each doubling of the associativity: SDBF is 9%, 21% and 31%
better than MMRU in EDP for 4-, 8- and 16-way caches.

6 Related Work

Techniques for dynamic-power reduction in caches can be divided into two cat-
egories: cache resizing and way-prediction. Cache resizing (e.g., DRI cache [19],



Fig.12. 8-way SDBF vs. MMRU: execution time and relative EDP.
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Table 2. Comparison of SDBF and MMRU for various cache associativities.

4-ways 8-ways 16-ways
MMRU|SDBF |MMRU|SDBF|MMRU|SDBF
ways accessed on hits| 26% | 30% | 14% | 15% | ™% %
ways accessed on hits| 100% | 10% | 100% | 5% | 100% | 2%
total ways accessed | 31% | 29% | 20% | 15% | 14% | ™%
power savings 59% | 61% | 69% | 74% | 5% | 81%
relative EDP 91% 79% 69%

CAM-tag resizing [12]) is a straightforward technique to reduce dynamic, static,
and precharge power in caches. However, our approach can be contrasted more
directly to way-prediction.

The most sophisticated way-prediction techniques are a combination of se-
lective direct-mapping (DM) and way-prediction [11,26]. The idea of selective
direct-mapping is to assign each line to a specific way based on its lower log2
(associativity) tag bits. Either the line truly occupies its assigned way or this
assignment is virtual and used simply to obtain predictions for this line [26].
There are two separate proposals for the combined selective-DM /way-prediction
technique: by Zhu and Zhang [5,26] and by Powell et al. [11] based on an earlier
(latency-focused) paper by Batson and Vijaykumar [2].

We have already described the Zhu and Zhang proposal [26] (MMRU), a
virtual “selective-DM” extension of the MRU way-prediction [4]. Zhu et al. also
examine schemes where the DM assignment is actual rather than virtual but
such schemes require line swapping and complex replacement policies.

The selective DM approach of Powell et al. [11] is an actual DM assignment
where the lines are placed in their DM position unless they generate conflicts.
In terms of prediction power this scheme aims to place as many lines as it can
in their DM positions and handle the rest with a way-predictor. MMRU tracks
all such lines, both those in their DM position and those in other positions, thus



yielding approximately the same prediction accuracy textbf— for both schemes,
on average 92% of the predictions result in first hits for 4-way caches [11, 26]. Be-
cause of this prediction equivalence we compare our approach to MMRU noting
that our conclusions would be similar with respect to the Powell approach.

Finally, way-selection is similar to the way-halting cache proposed by Zhang
et al. [25] where accesses to ways that cannot possibly contain the desired line are
“halted”. Way-halting is limited by the use of expensive CAMs for the lower four
bits of the tags to determine tag mismatch per way and thus difficult to scale to
a large number of sets. In contrast, we use Bloom filters instead of CAM-based
halt tags, thus providing better scalability. Our decay techniques, however, can
benefit way-halting too, clearing the halt tags from useless entries and increasing
their effectiveness in predicting misses.

7 Conclusions

In this paper, we propose a dynamic power application for a leakage-power
mechanism, allowing the seamless integration of the two. To achieve dynamic
power reduction with decay we propose way-selection (similar to way-halting)
and Decaying Bloom filters. Way-selection offers a significant advantage over
way-prediction: that of a fixed hit time. We also propose several variations of
Decaying Bloom filters, most notably the analog Self-Decaying Bloom filters,
that decouple decay in our predictors from decay in the cache. This gives us the
flexibility to use Decaying Bloom filters with non-decaying caches (or for instance
state-preserving Drowsy caches). Decay, however, is necessary for the Bloom fil-
ters to be efficient. Another advantage of our approach is that it integrates pre-
diction of misses. We have shown that our approaches can outperform some of
the most sophisticated way-prediction proposals. And this, without taking into
account leakage savings of the integrated dynamic/leakage power mechanism.
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