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ABSTRACT
Virtual caches are employed as L1 caches of both high per-
formance and embedded processors to meet their short la-
tency requirements. However, they also introduce the syn-
onym problem where the same physical cache line can be
present at multiple locations in the cache due to their dis-
tinct virtual addresses, leading to potential data consistency
issues. To guarantee correctness, common hardware solu-
tions either perform serial lookups for all possible synonym
locations in the L1 consuming additional energy or employ
a reverse map in the L2 cache that incurs a large area over-
head. Such preventive mechanisms are nevertheless indis-
pensable even though synonyms may not always be present
during the execution.

In this paper, we study the synonym issue using Win-
dows applications workload and propose a technique based on
Bloom filters to reduce synonym lookup energy. By tracking
the address stream using Bloom filters, we can confidently
exclude the addresses that were never observed to eliminate
unnecessary synonym lookups, thereby saving energy in the
L1 cache. Bloom filters have a very small area overhead
making our implementation a feasible and attractive solu-
tion for synonym detection. Our results show that synonyms
in these applications actually constitutes less than 0.1% of
the total cache misses. By applying our technique, the dy-
namic energy consumed in L1 data cache can be reduced up
to 32.5%. When taking leakage energy into account, the sav-
ings is up to 27.6%.

Categories and Subject Descriptors
C.1.0 [Processor Architecture]: General; B.3.2 [Memory
Structures]: Design Styles—Cache memories

General Terms
Design, Experimentation
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1. INTRODUCTION
Virtual caches offer advantages over physical caches be-

cause they do not need an address translation path from
virtual addresses generated by the processor. This can po-
tentially reduce the critical path to the cache by eliminating
the address translation stage through the Translation Looka-
side Buffer (TLB), and therefore the cache access time can
be reduced significantly.

However, the major problem with the virtual caches is
the synonym or aliasing problem [26] where multiple virtual
addresses can map to the same physical address. The syn-
onym problem occurs when the cache index bits use some
of bits from the virtual page number without TLB transla-
tion. In such cases, the cache block may reside in multiple
cache locations, and all the tags in these locations must be
looked up. So, the tag lookup must be done in multiple
cache lines for direct-mapped caches and in multiple cache
sets for set-associative caches.

Synonyms can be avoided by either software, hardware
or a combination of both. Software techniques involve OS
intervention that restricts address mapping. For instance,
page coloring [14] that aligns pages so that their virtual and
physical addresses point to the same cache set. However,
page coloring can have an effect on system performance such
as page fault rate and restricts memory allocation. Another
software solution to the synonym problem is that the OS
flushes the caches on context switches to prevent synonyms,
at a cost of degrading the overall system performance.

Hardware solutions, on the other hand, can detect syn-
onyms without restricting the system software. Some of
these solutions use duplicated tag arrays or reverse maps [11,
15, 26, 29], however, these techniques increase the die area
and the power budget. Instead, designers prefer a simpler
approach that only a single copy of a cache line is kept in the
cache at any time [7, 27]. Synonyms are eliminated by the
cache controller on a cache miss by searching for a possible
synonym in every cache line belonging to the synonymous
sets. In this paper, we assume that this simpler approach is
used to detect synonyms.

Performing multiple tag lookups for finding a synonym
consumes considerable amount of cache dynamic energy.
The increasing dynamic energy consumed by tag lookups
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Figure 1: Virtual-to-Physical Addressing

in highly associative caches pushes the designers to adopt
techniques that reduce it, such as way prediction [12]. These
techniques can predict the way that the cache line may reside
in by using the address history information. Only the tag
at the predicted way is compared against the outstanding
address rather than initiating all-way lookup. Such tech-
niques are not useful to reduce energy consumed by syn-
onym lookups because synonyms are rare events and cannot
be easily predicted using history-based predictors.

Even though the occurrence of synonym is very infrequent,
the potential locations in the cache still need to be looked
up for maintaining correctness. At this point, all we need
is a mechanism that can tell us that there is no synonym in
the cache so that no further tag lookup is necessary. This
mechanism will be sufficient if it can safely notify that the
cache does not have a synonym at the time the request is
made.

This situation suggests the use of a Bloom filter — that
provides a definitive indication that a data item or an ad-
dress has not been seen before. We call this a negative
recognition. However, it cannot definitively indicate that
the data item or address has been seen before. So, a posi-
tive recognition is not guaranteed in a Bloom filter. We will
exploit the property of negative recognition in Bloom fil-
ters to filter synonym lookups in virtual caches for reducing
cache dynamic energy consumption.

The paper is organized as follows: Section 2 motivates
this paper with a description of the synonym problem with
its effect on cache energy consumption and the operation of
Bloom filters. Section 3 proposes the miss tracking mech-
anism with Bloom filter and Section 4 describes early syn-
onym detection mechanism with the decoupled Bloom filter.
We show our simulation results in Section 5 and the related
work in Section 6. Finally, Section 7 concludes the paper.

2. MOTIVATION
Figure 1(a) shows an example where there is no synonym

problem. The sum of cache index and block offset bits (m) is
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Figure 2: Synonym problem and tag lookup energy

smaller than or equal to the page offset bits, n. No synonym
exists in this configuration as none of the cache indexing bits
falls in virtual space. On the other hand, Figure 1(b) shows
a case where synonyms can exist in the cache. When the sum
of index and offset bits (m) is greater than n, s bits from
the virtual page number are used to index the cache without
going through a virtual-to-physical address translation. The
synonym problem occurs when these s bits or synonym bits
are used to index the cache. The synonym bits determine
the number of synonym cache sets in which the potential
data synonym can reside.

One of the basic hardware approaches for handling syn-
onyms in virtual caches is to keep only a single copy of a
cache line in the cache [4, 20]. In this approach, there is
no extra lookup penalty or energy consumption when there
is a cache hit. However, when there is a cache miss, the
memory request is sent to the lower-level memory while all
cache lines in the synonym sets are looked up for a potential
synonym. For virtually-indexed physically-tagged caches,
all physical tags in the synonym sets are looked up for a
synonym, the memory request is aborted and the cache line
is moved to the indexed set if a synonym is found. For
virtually-indexed virtually-tagged caches, every virtual tag
must be translated into physical tags and then each must be
compared with the tag of the missed cache address. Again,
if a synonym is found, the memory request is aborted and
the cache line is remapped or retagged and the line can also
be moved to the indexed set.

2.1 Synonym Lookup and Tag Energy
Figure 2 shows the effect of the synonym problem on the

number of tag lookups and energy consumption illustrated
by an example. In which, we assume a 32-bit address space,
4KB pages, and a 2-way set associative 32KB cache with
64B line size. The page offset has 12 bits and the rest of 20
bits go through address translation. The cache consists of



256 sets that are indexed by 8 bits, 6 of which come from
the page offset. The remaining 2 bits are taken from the
virtual page number without being translated. Because of
these 2 virtual bits, if different, the requested cache line can
be in 4 different sets or 8 different lines in the 2-way cache.

When a cache request is made, the cache is accessed with
the given virtual index and both ways are looked up for
a hit. If there is a hit, then this means that there is no
synonym in the cache as the cache keeps a single copy. If
there is a miss, this may or may not be a true miss because
the requested cache line might be in the other 3 synonym
cache sets. The miss request is sent to the L2 cache and in
the mean time, the tag lookup in the L1 continues serially
until a synonym is found. After 3 serial lookups, if there is
a hit, the synonym is found in the cache, and the lookup in
the L1 is stopped and the miss request to the L2 cache is
also aborted. Then, the synonym is moved to the location
that generated the miss.

If a synonym is not found after 3 serial lookups, this is
a true miss and the cache does not have a synonym with
the given address. As such, 6 additional tag lookups were
performed to determine if there is a real miss. This certainly
increases the cache dynamic energy consumption.

Given the fact that synonyms are infrequent, performing
the additional search for a synonym is generally a waste
of dynamic energy. We can eliminate the extra synonym
lookups if we know for certain that there is no synonym in
the cache. For this purpose, we propose to use a Bloom filter
associated with the cache that can safely indicate that there
is no synonym in the cache. The next section describes the
philosophy behind Bloom filters.

2.2 Bloom Filters
Bloom filters were proposed by Burton Bloom in his sem-

inal paper [2]. The original purpose was to build memory
efficient database applications. The structure of a generic
Bloom filter is shown in Figure 3(a). The first design is the
direct implementation of the Bloom filter theory where the
filter vector is constantly inserted without deletion. A given
address in N bits is hashed into k hash values using k differ-
ent hash functions. The output of each hash function is an
m-bit index value that addresses the Bloom filter bit vector
of 2m. Here, m is much smaller than N. Each element of
the Bloom filter bit vector contains only one bit that can
be set. Initially, the Bloom filter bit vector is set to zero.
Whenever an N-bit address is observed, it is hashed to the
bit vector and the bit values hashed by each m-bit index are
set to one.

When a query is to be made whether a given N-bit address
has been observed before, the N-bit address is hashed using
the same hash functions and the bit values are read from the
locations indexed by the m-bit hash values. If at least one of
the bit values is 0, this means that this address has definitely
not been observed before. This is also called a true miss. If
all of the bit values are 1, then the address may have been
observed but the filter cannot guarantee that it has been
definitely observed. Nevertheless, if the address has actually
not been observed but the filter indicates 1, then this case
is called a false hit.

As the number of hash functions increases, the Bloom
filter bit vector is polluted much faster. On the other hand,
the probability of finding a zero during a query increases if
more hash functions are used.
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Figure 3: Bloom Filter

The major drawback of the original Bloom filter is that
the filter can be polluted rapidly and filled up with all 1s
as it does not have deletion capability. Thus, the counting
Bloom filter was proposed to allow deleting entries from the
filter as shown in Figure 3(b). The counting Bloom filter
reduces the number of false hits by introducing counters
instead of a bit vector. It had been originally proposed for
web cache sharing in [9]. In the counting Bloom filter, when
a new address is observed for addition to the Bloom filter,
each m-bit hash index addresses to a specific counter in an
L-bit counter array.1 Then, the counter is incremented by
one. Similarly, when a new address is observed for deletion
from the Bloom filter, each m-bit hash index addresses to
a counter, and then the counter is decremented by one. If
more than one hash index addresses to the same location for
a given address, the counter is incremented or decremented
only once. If the counter is zero, it is a true miss. Otherwise,
the outcome is not precise.

3. MISS TRACKING WITH BLOOM
FILTERS

Our Bloom filter design contains three main structures:
a counter array having 2m counters of L bits, a bit vector
of 2m entries and one hash function. We use only a single
hash function because our experiments show that the filter-
ing rate of a Bloom filter with a single hash function is not
awfully worse than the one with many hash functions. The

1L must be wide enough to prevent saturations.



Hash
Function

Allocation/De−allocation
or Cache Request Physical Address

Bit
Vector

L1
Bit update

De−MUXselect

Hash index

L−bit counter

Allocation/De−allocation
Hash index

Cache Request

(a) Tightly-coupled BF

Function
Hash
index

Hash
index

1 L−bit
Counter

Function
Duplicated Hash Cache request

Physical Address
De−allocation

Allocation/

Physical Address

Hash
index

Zero/Nonzero
Detector

Bit update Bit Write

Bit Read

Increment/Decrement

Physical address chunks

Hash

(b) Loosely-coupled BF

Figure 4: Cache miss tracking with a Bloom Filter

implemented hash function chops the physical address into
several chunks of hash index long and bitwise XOR them
to obtain a single hash index as shown in Figure 4(b). The
value of L depends on the hash function that distributes in-
dexes across the Bloom filter. In the worst case, if all cache
lines map to the same counter, the bit-width of the counter
must be at most log2(#ofcachelines) to prevent overflows.
In reality, the required number of bits per counter is much
smaller than the worst-case.

The hash function reads a physical address to generate m-
bit hash index. The physical address can be an allocation
and de-allocation address from the lower level memory or
a cache request address from the CPU. When the CPU re-
quests a line from the cache, it also sends the request address
to the bit vector. The hash function hashes the address, gen-
erates an index and reads the bit value from the vector. If
the value is 0, this is a safe indication that this address has
never been observed before. If it is 1, it is an indefinite re-
sponse in the sense that the address may or may not have
been observed before.

The counter array is updated with cache line allocation
and de-allocations. Whenever a new cache line is allocated,
the address of the allocated line is hashed into the counter
array and the associated counter is incremented. Similarly,
when a cache line is evicted from the cache, its counter asso-
ciated with the hashed physical address of the line is decre-
mented. The order and timing of these two operations de-
pend on the implementation of the cache and its controller.
The counter array is responsible for keeping the bit vector
up-to-date.

3.1 Tightly-coupled Counting Bloom Filter
Figure 4(a) depicts a cache miss tracking mechanism us-

ing a tightly-coupled counting Bloom filter. The tightly-
coupled Bloom filter design allows instantaneous updates to
the bit vector from the counter array. The de-multiplexer
forwards the hash index generated by the hash function to

the counter array or to the bit vector depending on the type
of the physical address. In the case of a cache line allocation
or de-allocation, the m-bit hash index is sent to the L-bit
counter array to index to a specific counter, and then the
counter is incremented or decremented.

The bit vector is updated at every cycle using a logical L
input OR gates per counter. For each counter in the array,
the L-bits are wired to an OR gate to generate the bit update
to the selected bit vector location.

3.2 Loosely-coupled Counting Bloom Filter
The main advantage of the tightly-coupled Bloom filter

is that the counter array can update the bit vector instan-
taneously. However, the updates to the counters are more
often than updates to the bit vector. In one of these infre-
quent updates, only one location in the bit vector is writ-
ten. Also for querying the Bloom filter only the bit vector
is needed. Thus having to query the large tightly coupled
structure is overly expensive.

Thus, we propose an innovative loosely-coupled counting
Bloom filter as shown in Figure 4(b) where the counter array
is decoupled from the bit vector and the hash function is du-
plicated on the bit vector side. The allocation/de-allocation
addresses are sent to the counter array using one hash func-
tion while the cache request address from the CPU is sent to
the bit vector using the copy of the same hash function. By
decoupling these two strcutures, the counter array can be
run with lower frequency, the size of which is much bigger
than the bit vector. This will help to save dynamic energy.

The update from the counter array to the bit vector is
done only for a single bit location. First, the L-bit counter
value is read from the counter array before an increment
or decrement operation is done. Then, the counter value is
checked for a zero boundary condition by the zero/nonzero
detector whether it will become non-zero from zero or zero
from non-zero, which will be inferred by the increment /
decrement line.
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If a zero boundary condition is detected, the bit update
line is activated, which enables the hash index to be for-
warded to the bit vector. Finally, the bit write line is made
1 to set the bit vector location if the counter has become
non-zero. Otherwise, the bit write line is made 0 to reset
the bit vector location. If there is no zero boundary condi-
tion, then the bit update line is not activated, which disables
the hash index forwarding to the bit vector.

With the loosely-coupled counting Bloom filter design, the
counter array and bit vector can be located in separate phys-
ical locations.

4. EARLY SYNONYM DETECTION WITH
A DECOUPLED BLOOM FILTER

If finding synonyms is a rare event per cache miss, then the
Bloom filter can be quite successful for fast and low-power
detection of synonyms in virtual caches. It is fast because
it can tell us whether there is no synonym by checking a
single bit location in the vector. In contrast, the baseline
serial lookup cache detection may also be detrimental to
performance in some cases.2 It is low-power because (w*S)
tag lookup comparisons can be eliminated where w is the
cache associativity and S is the number of synonym sets.
The frequency of synonyms depends on the number of shared
pages between the kernel and application codes. When also
considering the fact that cache misses are less frequent than
hits, the frequency of finding synonyms per cache miss is
likely to be low, so the virtual cache system certainly benefits
from using a Bloom filter to filter out several tag lookups.

4.1 Virtually-indexed Physically-tagged Caches
Figure 5 shows early synonym detection mechanism with a

loosely-coupled Bloom filter for a virtually-indexed physically-
tagged cache. The Bloom filter keeps track of physical ad-
dresses rather than virtual ones so that it can provide a
quick response regarding synonym existence with a given
physical address. The counter array is updated with the

2If a cache has 3 synonym bits it would have 8 possible
locations to search for a synonym. If each search takes 2
cycles and the L2 cache access time is 10 cycles, searching
for a synonym serially is worse than going to the L2 cache.

physical addresses of the linefill from the physical L2 cache
and the evicted line. The physical address of the evicted
line is formed from the tag that contains the usual tag bits
and the translated synonym bits, appended with the lower
part of the index of the set.

When there is a miss in the V/P cache for a lookup, the
physical address is sent to the L2 cache to service the miss.
At the same time, the physical address is hashed into the
bit vector to check for any synonym. If the bit location is
zero, there is no synonym in the V/P cache. In that case,
no synonym lookup is necessary in the cache. If the bit
location is 1, this implies that there may be a synonym in
the cache, and a serial synonym lookup process is launched
to all synonym sets for synonym detection.

4.2 Virtually-indexed Virtually-tagged Caches
For virtually-indexed virtually-tagged caches, the Bloom

filter counters are updated by the physical address of the
linefill during a linefill. For eviction, however, the evicted
address must be translated into the physical address by the
TLB. The dirty evicted lines are already translated by the
TLB before sending it to the physical memory. The only ex-
tra TLB translations are needed for the clean evicted lines.
When a cache miss occurs, the Bloom filter vector is accessed
by the physical address acquired from the TLB. Similar to
the virtually-indexed physically-tagged caches, a true miss
in the Bloom filter vector (value returned is zero) means that
there is no synonym in the cache associated with this physi-
cal address, and a possible hit (value returned is one) means
that all synonym sets must be looked up for a synonym in
the cache. This involves in translating all virtual tags in all
the synonym sets into physical tags and then compare them
to the physical tag of the outstanding address.

5. EXPERIMENTAL RESULTS

5.1 Simulation Environment
We use Bochs [13] to perform full-system simulation. The

simulation involves running one or more common Windows
applications on the Windows NT platform. To collect cache
statistics, we integrate Simplescalar’s cache simulator in Bochs.
We also enhance the cache simulator with our Bloom filter
model. This innovative simulation technique allows us to
gather cache statistics of various applications running on
top of a full operating system like Windows or Linux. Pre-
vious techniques [28] using Bochs, collected instruction ex-
ecution traces from Bochs, that were then fed into a micro-
architectural simulator like Simplescalar. By integrating the
cache simulator into Bochs we remove the time-consuming
and cumbersome process of trace collection from the simula-
tion process. This technique is much faster than trace collec-
tion and we may simulate a lot more instructions than trace
collection techniques, as trace collection inherently limits
the size of the trace that may be collected.

We assume that the size of each page is 4 KB and use 16
different configurations for L1 data cache as shown in Ta-
ble 1. These 16 cache configurations are the only configu-
rations possible for cache sizes less than 64KB with a page
size of 4KB to have the synonym problem.3 All cache con-
figurations are virtually indexed physically tagged. The L1

3We exclude four configurations with 128 sets that Artisan
90nm SRAM library does not support.



Table 1: L1 data cache configuration

# of sets # of ways Line size (B) Cache size (KB) Bit vector (b) Counter array (b) s-bits S**
256 1 32 8 1024 3072 1 2
256 2 32 16 2048 6144 1 2
256 4 32 32 4096 12288 1 2
256 8 32 64 8192 24576 1 2
512 1 32 16 2048 6144 2 4
512 2 32 32 4096 12288 2 4
512 4 32 64 8192 24576 2 4
1024 1 32 32 4096 12288 3 8
1024 2 32 64 8192 24576 3 8
2048 1 32 64 8192 24576 4 16
256 1 64 16 1024 3072 2 4
256 2 64 32 2048 6144 2 4
256 4 64 64 4096 12288 2 4
512 1 64 32 2048 6144 3 8
512 2 64 64 4096 12288 3 8
1024 1 64 64 4096 12288 4 16

* Size of one counter is 3 bits
** S is the number of synonym sets

Table 2: Simulation workload

Workload Instruction count Description
Winamp 1.9 B Play a .mp3 file (7MB)
Internet Explorer 2.0 B Visit several famous websites every five seconds
Winzip 2.1 B Decompress a .zip file (4MB)
Word 7.2 B Open a .doc file (4MB) and edit it
Excel 1.0 B Open a .xls file (4MB) and edit it
PowerPoint 12.4 B Open a .ppt file (8MB) and edit it
VC++ 29.2 B Compile Bochs 2.2.5 and execute it
Two app. 38.6 B VC++ and Winamp
Three app. 40.5 B VC++, Winamp and Internet Explorer

instruction cache has also been modeled and it is taken to be
always same as the L1 data cache configuration. To estimate
power consumption for the caches and the Bloom filter, we
use Artisan 90nm SRAM library. The Artisan SRAM gener-
ator is capable of generating synthesizable Verilog code for
SRAMs in 90nm technology. A datasheet is also generated
that gives an estimate of the read and write power of the
generated SRAM. The datasheet also provides a standby
current from which we can estimate the leakage power of
the SRAM.

The energy reduction reported are only for the data cache.4

Our simulation system runs Windows NT and we use seven
Windows applications to evaluate our approach as shown
in Table 2. Running the Windows applications involved do-
ing simple tasks like opening a PowerPoint file and modify-
ing it. Since it would be difficult to exactly reproduce ac-
tions that involve human interaction like clicking the mouse,
we decided to simulate all 16 cache configurations simulta-
neously. We instantiated 16 cache simulators and fed them
with the instruction stream produced by Bochs. The total
number of instructions executed ranges from one billion to
41 billions. Throughout all simulations that we performed,
we evaluate the advantage of our Bloom filter enhanced

4Synonyms in I-Cache do not affect correctness as they are
read only. Also hit rates of I-Cache is extremely high. So
we assume no hardware technique for detecting synonyms
for the I-Cache.

cache structure compared with the conventional cache struc-
ture.

We accurately model the delay and energy overhead for
the Bloom filter. To estimate dynamic and static power con-
sumption we synthesize the Bloom filter structures using the
same 90nm Artisan SRAM generator used for synthesizing
the caches. Since we have implemented the loosely coupled
design, the bit vector and the counter array are synthesized
separately. We add the bit vector access energy every time
the Bloom filter is queried for the presence or absence of an
address. This is done on every cache miss to check for syn-
onyms. The counter array access energy is added every time
the structure is updated. This happens when a cache line
is evicted from the cache and also when a line-fill occurs.
Since our bit vector is a relatively small structure than the
cache, we assume the access latency to be one cycle. How-
ever this access latency affects performance only on cache
miss events in the presence of synonyms. Since the occur-
rence of synonyms is very rare it has negligible effect on the
performance of the system.

5.2 Results
First, we analyze the number of synonyms in common

Windows applications. All our nine simulations show that
synonyms are rarely present. The average synonym ratio is
0.08%, meaning that only eight out of ten thousands cache
misses are identified as synonyms. Note that, even though
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Figure 6: Overall Simulation Results for 32B-Line Caches

the occurrence of synonyms is rare, it is nonetheless required
for the baseline processor to examine all synonym sets on ev-
ery cache miss — leading to large dynamic energy consump-
tion just for synonym detection. This observation justifies
our motivation for finding a lighter weight alternative in the
hardware to alleviate the synonym problem.

One reason of the synonym ratio being extremely low
is that the number of operations between successive con-
text switches is very large. Since the L1 data cache is very
small, the cache would only contain data pertaining to the
presently running process. This reduces the probability of
having shared data from another process, making the num-
ber of synonyms negligible. Synonyms would only be de-
tected at the initial phase of one context switching period,
after which the cache would be warmed up and filled with
data from the current process.

As shown in Figure 6(b) for 32B cache line cases, the
amount of dynamic energy reduction ranges from 0.3% to
32.5% depending on the cache configuration and the char-
acteristics of application. These savings take into account
the energy overhead of the bit vector and the counter array.

The overhead on the average was found to be 0.22% over
all the benchmark programs. Similar trends are observed in
caches with 64B lines shown in Figure 7(b).

To further understand the source of energy savings, we use
PowerPoint running on 32-byte line caches for our analysis.
Figure 8(a) plots the normalized dynamic energy consumed
by hits and misses in the baseline cases, and by true misses,
false hits in the Bloom filter enhanced caches. We may easily
see that miss handling contributes to a significant amount
of L1 data cache dynamic energy by up to 47.0% (for the
configuration of 2048 sets, Direct-Mapped). The figure also
shows that using Bloom filters, dynamic energy consumption
by such miss handling can be significantly reduced, resulting
in an overall 32.9% energy reduction for this configuration.

Figure 6(c) shows that the amount of total energy reduc-
tion (including both dynamic and leakage energy) of L1 data
cache ranges between 0.1% and 27.6%.5 This savings take
into account the leakage energy consumption of the added

5To facilitate the estimation of the leakage energy, we as-
sume a 2GHz in-order processor with blocking cache. The
latencies of L1, L2 and DRAM are 2, 10 and 250 cycles.
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Figure 7: Overall Simulation Results for 64B-Line Caches

hardware structures, namely the Bloom filter and the Coun-
ters. The average leakage energy overhead of the additional
hardware was found to be 0.31% over all the benchmarks.
As shown in Figure 6(a), the energy saving of a workload is
highly dependent on its miss rate. All our workloads have
miss rates lower than 9%. We expect higher L1 miss rates
to be present in commercial workloads, where our technique
will render larger benefit.

Figure 8(b) shows the relative percentage of L1 cache ac-
cesses using our technique compared to the baseline cache.
In this figure for every cache miss we count S accesses to the
cache, where S is the number of synonym sets. We can see
that using our technique we may reduce cache accesses by

We assume the average micro-ops to x86 instruction ratio is
1.4 as shown in [25]. Note that our approach is very con-
servative because longer execution time of our simulation
model will lead to exaggerated leakage energy consumption
although our solution is aimed for reducing dynamic energy
consumption. Thus, the actual total energy reduction using
our scheme in state-of-the-art processors is expected to be
higher.

up to 33.9%. We know that L1 cache performance is critical
to overall system performance. The contention for the L1
cache would be more of a critical factor in superscalar and
SMT systems where multiple cache accesses occur in a single
cycle. Our simple hardware technique would be extremely
useful in such systems as it would reduce a large number of
accesses and contention for the L1 cache.

Figure 8(d) shows the effect of cache configuration on the
effectiveness of our approach. From the figures we see that
energy reduction decreases when associativity increases. One
reason is because increasing associativity drastically reduces
the number of misses as shown in Figure 8(c) and thus the
opportunity of our technique to save energy. In addition,
as the associativity increases, the number of synonym sets
drops linearly in cache configurations having the same cache
and line sizes. The design trend of modern L1 caches, how-
ever, are geared toward lowering associativity to meet cy-
cle time constraints. Another observation that can be made
from these figures is that energy reduction decreases as cache
size is reduced. This is because even though miss rates de-
crease with larger caches, the number of synonym sets also
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increase. This gives a significant energy saving opportunity
for our technique over the baseline.

6. RELATED WORK
Bloom filters have found numerous uses in networking and

database applications such as [3, 5, 6, 8, 16, 22]. They are
also used as microarchitectural blocks for tracking load/store
addresses for resolving load-store conflicts, and also for per-
forming load-store queue optimizations [1, 23, 24]. Moshovos
et al. [19] uses a Bloom filter to filter out cache snoops in
SMP systems. Peir et al. [21] detects load misses early in the
pipeline for speculative execution. Mehta et al. [17] also uses
it to detect L2 misses early so that the instruction fetch can
be stalled early to save processor energy. Memik et al. [18]
proposes Bloom filter-like early cache miss detection tech-
niques for reducing dynamic cache energy and to improve
the performance by bypassing them. More recently, Ghosh
et al. [10] proposed to use counting Bloom filters to detect
L2 misses a priori for energy reduction in L2 accesses.

None of the techniques above discuss the energy consump-
tion problem caused by synonym lookup in virtual caches or
propose any microarchitectural solutions.

7. CONCLUSIONS
Implementing virtual caches can accelerate L1 cache ac-

cesses while introducing the synonym problem. Even though
a synonym hit is an infrequent event, to guarantee correct-
ness, the processor still needs to perform additional lookups
for all possible synonym locations upon each L1 miss, thereby
consuming more energy. In this paper, we propose an early
synonym detection mechanism using Bloom filters. It is
shown to be fast, effective, and consume lower power. By
tracking and checking the address signature in the filters, we
are able to exclude the unnecessary lookups for addresses
that were never accessed.

Using x86 applications based on Bochs, our simulation
results show that our decoupled Bloom filter mechanism can
effectively reduce the total cache accesses by up to 33.9%.
The dynamic energy consumption and the overall energy
consumption (including leakage energy) in the L1 can be
reduced by up to 32.5% and 27.6%, respectively.
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