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Abstract

Cache memories are accounting for an increasing fraction of a chip’s transistors and overall
energy dissipation. Recent research advocates using “resizable” caches to exploit cache size
variability in applications to reduce cache size and eliminate energy dissipation in the cache’s
unused sections with minimal impact on performance. Current proposals for resizable caches
fundamentally vary in two design aspects: (1) cache organization, where one organization,
referred to aselective-waysvaries the cache’s set-associativity, while the other, referred to as
selective-setsvaries the number of cache sets, and (2) resizing strategy, where one proposal
statically sets the cache size prior to an application’s execution, while the other allows for
dynamicresizing both across and within applications. While the various design choices in
these proposals vastly differ in how they exploit opportunity for cache resizing and their effec-
tiveness in reducing energy, these choices have never been compared against each other.

In this paper, we evaluate the opportunity for and effectiveness of cache resizing in reducing
energy dissipation. Rather than evaluating an exhaustive set of design choices, welgslect a
set of questions to understand the underlying application/system characteristics affecting
design choices. We also propose and evaluate a hybrid resizable cache exploiting the advan-
tages of both previous organizations. Using cycle-accurate performance and circuit simulation
tools, we show that: (1) selective-ways and selective-sets perform comparably for i-caches, but
selective-sets outperforms selective-ways for d-caches because selective-sets maintains set-
associativity while reducing size benefitting applications with a high degree of conflict misses,
(2) there is only a moderate degree of opportunity for dynamic resizing within applications,
(3) a miss-ratio based dynamic resizing framework is more effective in capturing the opportu-
nity for resizing within applications in i-caches than d-caches, because in d-caches misses are
often overlapped making performance less sensitive to miss ratio, and (4) a hybrid organiza-
tion of selective-ways-and-sets offers a richer spectrum of sizes than either individual organi-
zation, reducing the energy-delay by 36% and 32% in i- and d-caches as compared to
selective-sets.



1 Introduction

The ever-increasing level of on-chip integration in CMOS technology has enabled phenomenal improve-
ments in microprocessor performance but has also caused an increase in energy dissipation. High energy
dissipation diminishes the utility of portable systems and reduces reliability, requires sophisticated cooling
technology, and increases cost in all segments of the computing market including high-end servers [21].
State-of-the-art microprocessor designs devote a large fraction of the chip area to memory structures —
e.g., multiple levels of instruction caches and data caches, translation lookaside buffers, and prediction
tables. For instance, 30% of Alpha 21264 and 60% of StrongARM are devoted to cache and memory struc-
tures [16]. Therefore, a significant fraction of a chip’s energy dissipation is due to cache memories.

Current circuit techniques to reduce energy dissipation in caches typically trade off speed for lower energy
dissipation in less performance-critical cache structures. Instead of solely relying on circuit techniques,
recent research also advocates using “resizable” caches to reduce energy dissipation especially in high-per-
formance caches [1,18]. Resizable caches are based on the observation that cache utilizatiacrassies
andwithin application execution. These caches allow hardware/software to customize the cache size to fit
an application’s demands. By eliminating energy dissipation in the cache’s unused sections, resizable
caches significantly improve energy-efficiency wittnimalimpact on application performance.

Current proposals for cache resizing fundamentally differ in cache organization, resizing framework, and
how they exploit variability in applications’ cache utilization to save energy. One proposal [1] advocates a
selective-waygache organization which allows for varying the cache’s set-associativity. The other pro-
posal [18] advocateselective-setsache organization which allows for varying the number of cache sets.
These cache organizations differ in (1) the offered range of cache sizes, (2) the offered resizing granularity
— i.e., the distance between two adjacent offered sizes, (3) the allowable set-associativity at various resiz-
ings, and (4) the hardware complexity. The effectiveness of either cache organizations to reduce size and
energy depends on the one hand on the application’s demand for a specific size and set-associativity and on
the other hand the cache’s ability to meet the demands.

The two proposals also differ in “when” to perform cache resizing. The proposal for selective-ways [1]
advocates “static” cache resizing by setting the cache size prior to an application’s execution, and exploits
variation in cache utilization onlacrossapplications. The proposal for selective-sets [18] advocates a
dynamic cache resizing framework based on monitoring cache miss ratio and resizes the cache to react to
varying demand for cache size batfithin andacrossapplications. The two resizing strategies differ in two
respects (1) the ability to resize the cache during an application’s execution, and (2) the design complexity.
The effectiveness of dynamic resizing depends on both the resizing opportunity within applications and the
ability of the dynamic resizing mechanisms to seize the opportunity.

The previous studies on resizable caches focused on comparing each proposal with specific design choices
(i.e., organization and strategy) against a conventional non-resizable cache. However, there exists no com-
parison between the two. This paper identifies the opportunity for cache resizing in a spectrum of applica-
tions, and draws and compares architectural choices from previous proposals to evaluate their effectiveness
in capturing the opportunity. Rather than presenting an exhaustive set of results on all combinations of
architectural choices for resizing, we sele&egset of questions to help architects understand the underly-

ing application/system characteristics affecting choice in cache resizing. We also propose and evaluate a
hybrid selective-ways-and-sets resizable cache organization exploiting the advantages of both previous
organizations.

Because circuit techniques are a viable alternative to reducing energy in less performance-critical cache
designs with high access times, in this paper we only focysesformance-critical cache desigeharac-

teristic of L1/L2 caches in state-of-the-art processors. Moreover, we only consider resizable cache designs
that have minimal (< 2%) to no impact on application performance relative to a non-resizable cache. We

use cycle-accurate performance simulators and circuit energy and timing evaluation tools to perform our



evaluation. We present our evaluation in the form of answers to the following questions on key design
choices:

1) Does selective-sets subsume selective-ways as a cache resizing technique?
2) Is there opportunity for dynamic resizing?

3) Does a miss-ratio based dynamic resizing framework capture the opportunity?
4) How effective is a hybrid selective-ways-and-sets organization?

Our results show that:

* Selective-ways reduces set-associativity and size at the same time, offers small cache sizes only at less
set-associativity, and is less effective for applications that benefit from set-associativity. In 32K 4-way
set-associativenstruction caches (i-caches), selective-ways and selective-sets perform comparably
reducing the energy-delay product on average by 53% and 59% relative to a non-resizable cache,
respectively. However, in 32K 4-way set-associatie¢a caches (d-caches), demand for set-associativ-
ity allows selective-sets to outperform selective-ways reducing the energy-delay product on average by
61% as compared to 48% relative to a non-resizable cache.

¢ Using an offline “oracle” analysis of cache access intervals, we estimate that dynamic resizing (within
an application) could reduce the energy-delay product on average by 14% for i-caches and 18% for d-
caches relative to a 32K 2-way static resizing selective-sets. Several applications exhibit a stable i-cache
footprint size and no resizing opportunity. However, in applications with i-cache resizing opportunity,
the footprint sizes vary significantly. Most applications exhibit some variation in d-cache footprint sizes
and resizing opportunity. Overall, dynamic resizing opportunity is only moderate and may not justify
sophisticated designs to capture the opportunity.

* In d-caches, performance it always sensitive to large changes in miss ratio because out-of-order
engines often overlap cache misses. A sharp increase in miss ratio, however, increases the access fre-
guency to lower cache levels, increasing the energy dissipation and offsetting the gains from resizing. In
contrast, in i-caches performance is directly related to miss ratio because i-cache misses in superscalar
are not overlapped. Therefore, a miss-ratio based dynamic framework achieves energy-delays for d-
caches and i-caches that are 12% and 6% higher than the offline estimate respectively.

* Selective-sets only offers cache sizes that are powers of two while selective-ways provides cache sizes
with a linear resizing granularity. A hybrid selective-ways-and-sets organization offers a rich spectrum
of cache sizes by taking advantage of the offered cache sizes in both organizations, reducing the energy-
delay product relative to a 32K 4-way selective-sets by 36% in i-caches and 32% in d-caches.

The rest of the paper is organized as follows. Section 2, describes the source of dynamic energy dissipation
in state-of-the-art cache memories. Section 3 presents our dynamic cache resizing framework and its appli-
cation to resizable caches. Section 3.1 presents the energy models we use to estimate dynamic energy dissi-
pation in caches. In Section 4 we describe the experimental methodology and results. Section 5 presents an
overview of the related work. Finally, we conclude the paper in Section 6.



2 Resizable Caches

Resizable caches exploit the variability in cache size requirements in applications to save energy dissipa-
tion with minimal impact on performance. Resizable caches save energy by allowing portions of the cache
to be enabled/disabled. To disable/enable cache sections, resizable caches exploit the partitioning of a
cache into SRAM subarrays, found in modern high-performance implementations. To optimize for cache
access speed, cache designers divide the array of blocks into multiple subarrays of SRAM cell rows, each
containing one or more cache blocks [25]. Resizing electrically isolates cache sections in multiple subar-
rays to save energy [1]. We will describe the details of energy savings in Section 3.1.

There are two proposals for resizable cache architectures that fundamentally differ in how they exploit
variability in the required cache size in applications [1,18]. Resizable caches primarily differ in two
respects: (1) cache organization, dictating which cache dimensions are adjustable, and (2) resizing time,
dictating when the caches readjusts these dimensions. At the organizationakédwetive-way®ffers
adjustable set-associativity allowing the cache to eliminate energy dissipation in disabled cache ways.
Alternatively, selective-setsffers an adjustable number of sets allowing the cache to eliminate energy dis-
sipation in disabled sets. Similaristatic resizingallows resizability only across applications by adjusting

size prior to an application’s execution. Alternativetiynamic resizingexploits resizability bothacross
andwithin application execution.

In the rest of this section, we first describe the base selective-ways and selective-sets cache organizations,
and then propose a hybrid organization that enables adjustability in both cache set-associativity and the
number of sets. Next, we describe the static and dynamic cache resizing frameworks.

2.1 Cache Resizing Organizations

There are two proposals for resizable cache organizations, which weetadtive-wayandselective-sets
Selective-ways allows enabling/disabling entire associative ways in a cache. Figure 1 depicts the basic
structure of a selective-ways resizable cache. As in conventional set-associative caches, at the higher level
the data array is organized into cache ways. Each cache way consists of a number of subamays. A
maskallows disabling/enabling all the subarrays in a given way. Hardware or software can adjust the num-
ber of ways the cache uses by setting the way-mask. The cache access logic uses the way-mask to identify
which cache ways to access.
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FIGURE 1: A selective-ways resizable cache organization.
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FIGURE 2: A selective-sets resizable cache organization.

Alternatively, selective-sets allows enabling/disabling cache sets. Figure 2 depicts the anatomy of a selec-
tive-sets cache organization. In a conventional cache, the number of cache sets and the cache block size
dictate the set ahdexandtag bits used to look up a cache block. Therefore, changing the number of cache
sets changes both the required index and tag bits. Selective-sets progetesiasko allow varying the

number of cache sets and the used index bits. Because enabling/disabling occurs in multiples of subarrays
(Section 3), the minimum number of sets achievable is a single subarray per cache way.

There are fundamental differences in these cache organizations in their complexity and effectiveness to
offer the required cache size. First, the two organizations differ in applicability and the range of cache sizes
offered. Selective-ways is advantageous because it changes size linearly in multiples of cache ways main-
taining a constant resizing granularity. However, in high-performance caches (optimized for access time)
which are often direct-mapped or use limited set-associativity, selective-ways is either not applicable or
offers a small range of cache sizes. For instance, a 64K 2-way set-associative cache can only resize to a
32K direct-mapped cache using selective-ways, allowing at best 50% energy savings. Alternatively, selec-
tive-sets offers a large spectrum of cache sizes for low set-associative caches, is limited when set-associa-
tivity is high, and is not applicable to fully-associative caches. Moreover, selective-sets offered cache sizes
are powers of two (because of the index-based set-mapping in conventional caches) allowing for fine-grain
resizing only at smaller cache sizes but coarse-grain resizing at larger cache sizes. Therefore, selective-sets
may be suboptimal when application working sets are large.

Moreover, selective-ways changes set-associativity along with size and may miss the significant opportu-
nity for resizing for memory reference streams with small working sets but high conflict cache miss rates.
Selective-sets maintains set-associativity while resizing increasing the opportunity for resizing for refer-
ence streams with high conflict miss rates.

A key advantage of selective-ways is its design simplicity. Selective-ways only requires an additional way-
mask with corresponding logic. In contrast, selective-sets increases design complexity beyond the addition
of a set-mask and its logic. Because resizing changes the number of tag bits, with smaller caches requiring
a larger number of tag bits, selective-sets must use a tag array as large as that required by the smallest size
offered. Therefore, using selective-sets, a cache of a given size requires a larger tag array which may be
slower and dissipate more energy than a selective-ways cache of the same size and set-associativity. More-
over, selective-ways does not change the set-mapping of cache blocks and as such obviates the need for
flushing blocks in the enabled subarrays upon resizing. In addition to flushing modified blocks prior to dis-
abling arrays, selective-sets requires flushing all blocks (clean or modified) for which set-mappings change
upon enabling subarrays.
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Table 1: Enhanced resizing granularity using hybrid.

2.1.1 A Hybrid Organization

In this paper, we also propose and evaluate a hybrid organization for resizable caches. The key motivation
behind a hybrid organization is that each of the resizable cache organizations offers a spectrum of cache
sizes neither of which is a superset of the other. Selective-ways offers a spectrum of sizes that are multiples
of a cache way size. Selective-sets offers a spectrum of sizes that are powers of two. A hybrid organization
exploits the resizing granularity advantages of both organizations offering a richer spectrum of cache sizes
than either organization alone, thereby optimizing energy savings by providing a size closest to the
required demand for size by the application.

Table 1 illustrates cache size and set-associativities offered by a hybrid selective-ways-and-sets cache. For
a base 32K 4-way set-associative cache and a subarray size of 1K, hybrid offers all of 32K, 24K, 16K, 12K,
8K, 6K, 4K, 3K, 2K, and 1K sizes. Whereas, a selective-ways cache would only offer 32K, 24K, 16K, and
8K sizes (indicated by the first row) and selective-sets cache would provide 32K, 16K, 8K, and 4K (indi-
cated by the 4-way column). The table also depicts our simple resizing scheme. All the sizes between 32K
to 3K simply go in steps between a 4-way and a 3-way configuration. For sizes less than 3K, the only con-
figurations offered are those that further reduce set-associativity. This scheme follows the intuition that at
higher cache sizes, capacity plays a bigger role than set-associativity while at lower cache sizes, set-asso-
ciativity can significantly impact cache performance [12]. Downsizing from a 4-way 32K, our cache opts
for a larger 24K size with a lower set-associativity of 3 ways rather than selecting a 4-way 16K cache as
selective-sets would. Such an approach increases the opportunity for resizing for applications with working
set sizes closer to 24K than 16K.

The table also indicates that there are redundant sizes (shaded gray in the table) offered by a hybrid cache.
For instance, a hybrid cache can offer 8K as a size with any of 4-way, 2-way, and direct-mapped set-asso-
ciativites. For redundant size, the hybrid cache offers the configuration with the highest set-associativity to
minimize miss ratio and optimize the utilization of block frames.

2.2 Cache Resizing Opportunity

In this paper, we focus on high-performance resizable caches which optimize energy dissipation given a
tight constraint on performance degradation with respect to a conventional (non-resizable)) lcesieh

caches, opportunity for cache resizing primarily depends on three factors: (1) the available parallelism in
an application’s (or application phase’s) cache accesses, (2) the available cache bandwidth and the system’s
ability to overlap multiple cache miss latencies, and (3) the application’s (or application phase’s) primary
cache working set size.

1. While reducing the cache size may also improve cache access speeds [2], such designs will require microarchitectural tech-
nigues that can exploit variability in cache access times which are beyond the scope of this paper.



Superscalar pipelines typically fetch instructions in program order and sequentially, exhibiting minimal
parallelism in i-cache accesses [18]. Because, the instruction cache accesses are often on the critical path of
execution, application performance is directly related to the i-cache’s miss ratio. A resizable i-cache can
exploit variability in instruction working set size to reduce cache size and save energy.

Unlike the instruction cache access stream, the data cache access stream in applications often exhibits par-
allelism due to independent sequences of computation requiring data cache accesses. In wide-issue super-
scalar engines with non-blocking data caches, when the application exhibits a high degree of memory
parallelism, cache miss latencies can often be overlapped, removing the miss latency off the critical path of
execution. A high degree of exploited parallelism in data cache accesses therefore enables aggressive
downsizing with minimal impact on application performance.

Unfortunately, while aggressive downsizing may not decrease performance in non-blocking data caches, it
may increase the overall energy dissipation in the system. Because downsizing increases the cache miss
ratio, it also increases the frequency of accesses to the lower level caches. Caches typically exhibit sharp
increases in miss ratio when a cache can no longer hold the primary working set of the application.
Because a lower level cache is often an order of magnitude larger in size, a sharp increase in access fre-
guency to a lower level cache may significantly increase the overall power dissipation offsetting the energy
gains from resizing [1]. Therefore, opportunity for downsizing is also limited byetttea energy dissi-

pated in the lower levels when the increase in miss ratio due to downsizing is high.

2.3 Cache Resizing Strategies

Cache resizing's effectiveness depends on the opportunity for resizing, the cache’s ability to seize the
opportunity for resizing, and the cache’s offering of required sizes. Besides organization, a key design
choice in resizing is “when” to resize. There are two proposals for resizing str&egic resizingallows

resizing the cache prior to application execution, exploiting cache size variability across applications.
Static resizing requires profiling an application’s execution with different (static) cache sizes to determine
the cache size with minimal energy dissipation given a tolerance for performance degradation. In static
resizing, the application provides a cache size which the operating system loads into the cache’s program-
mable size mask (i.e., the way-mask or the set-mask) prior to application’s execution or upon a context
switch.

Dynamic resizingeacts to application demand for resizing to customize cache size and optimize energy
savings while an application is executing. Dynamic resizing uses extra hardware to monitor an applica-
tion’s execution and dynamically estimate performance and energy dissipation. When opportunity for
resizing arises, dynamic resizing uses the cache size masks to resize the cache.

In this paper, we evaluate a simple miss-rate based dynamic resizing framework proposed in [18]. Hard-
ware monitors the cache in fixed-length intervals measured in number of cache accesses. A miss counter
counts the number of cache misses in each interval. At the end of each interval, hardware determines the
need for cache upsizes/downsizes depending on whether the miss counter is higher/lower than a preset
value, referred to as thmiss-boundTo avoid thrashing, the framework prevents the cache from downsiz-

ing beyond a preset size, tlsize-boundAs in static resizing, the framework parameters are extracted
offline through profiling.

Much like cache organization, there are fundamental differences in resizing strategy. Static resizing’s key
advantage is that it minimizes design complexity by fixing the size for the duration of an application’s exe-
cution. In the absence of resizing opportunity within the application, static resizing obviates the need for
hardware monitoring and may achieve optimal energy reduction. For instance, resizing opportunity within
an application does not arise when the application exhibits a fixed working set size. Similarly, when perfor-
mance degradation and the extra energy dissipation (due to increases in miss ratbyansitive to vari-



ations in the working set size, there is no need for cache resizing. In such cases, static resizing may offer
optimal energy savings if the cache configuration allows for a cache size close to the required size.

However, when there is opportunity for resizing within an application, static resizing fails to seize the
opportunity and is suboptimal. For instance, an application with varying instruction cache footprint sizes
across different phases will require different i-cache sizes while executing. In such a case, static resizing
must provide an “in-between” size to satisfy the different program phases while limiting the performance
degradation to the desired value.

In contrast, dynamic resizing may help seize resizing opportunity within an application and optimize the
energy savings. Dynamic resizing, however, increases complexity and may require sophisticated hardware
mechanisms to monitor and react to an application’s change in behavior. Dynamic resizing’s effectiveness
in reducing energy depends on the accuracy and timeliness of the mechanisms to react to a change in appli-
cation behavior. In general, online estimation of opportunity for resizing is difficult when performance deg-
radation and energy dissipation aret sensitive to simple cache performance metrics such as miss ratio.
Inaccurate resizing may result in both a large performance degradation and extra dissipated energy due to
large increases in the miss ratio and accesses to the lower cache levels. Inaccurate resizing will at a mini-
mum incur the performance and energy overhead of flushing some of the cache blocks in the disabled/
enabled subarrays (Section 2.1). Furthermore, disabled subarrays may have included part of an applica-
tion’s primary working set, resulting in an increase in the miss ratio to bring the blocks back into the new
enabled subarrays.

A key advantage of dynamic resizing is that it may help overcome the limitations of coarse-grain resizing
granularity specifically in selective-sets. Dynamic resizing can emulate an “in-between” cache size when
the required cache size is in between two cache sizes offered by a resizable cache. The latter advantage
diminishes for resizable caches with a finer-grain resizing such as our hybrid cache.



3 Energy Savings in Resizable Caches

Two categories of energy dissipation in deep-submicron CMOS caches are: “switching” energy and “leak-
age” energy. Switching energy is the energy dissipated in cache upon an access when the bitlines are
charged/discharged [14,19]. Therefore, the switching is a function of the number of bit lines accessed.
Leakage energy is the energy dissipated in all cache SRAM cells due to a “subthreshold” leakage current in
transistors independent of the cache access frequency [19]. Previous studies on resizable caches only con-
sidered either switching energy dissipation [1] or leakage energy dissipation [18] but not both. This paper
evaluates resizable cache’s effectiveness in reducing switching and leakage energy because both compo-
nents are important in future designs [9]. In this section, we will first discuss the sources of energy dissipa-
tion and then explain how resizing together with circuit techniques effectively reduces energy dissipation.

To optimize for speed, cache designers divide the tag and data arrays into multiple subarrays of SRAM cell
rows, each containing one or more cache blocks [11] (Section 2). Figure 3 depicts the anatomy of a cache
subarray. In high-performance cachals,cache subarrays are precharged together prior to a cache access,
to overlap the precharging time with the address decode and wordline assertion. Only a small number of
subarrays (equal to the cache’s set-associativity) are actually accessed, leading to extremely high energy
inefficiencies in modern caches [14]. While prechargingy the required subarrays (i.e., using some of the
address bits to identify the subarray to which the access goes) would reduce switching energy dissipation
[10,17], it would increase the cache access time by as much as 30% (as per CACTI simulations [11]),
diminishing the applicability of such an approach in high-performance designs. Instead, resizable caches
select the appropriate cache size, disable the resulting unused subarrays (Figure 3), and reduce switching
energy by precharging only the enabled subarrays.

Current technology scaling trends [4] require aggressively scaling down the threshold voltage to maintain
transistor switching speeds. Unfortunately, subthreshold leakage current through transistors increases
exponentially with decreasing threshold voltage, resulting in a significant amount of leakage energy dissi-
pation at a low threshold voltage. Many circuit techniques allow trading off speed for reduced leakage in
less performance-critical circuits. For instance, multiple threshold voltage processes offer higher threshold
transistors for caches with reduced leakage but slower access times. Instead, resizable caches can exploit
transistor stacking — also known as gategl;y18] — to allow aggressive threshold-voltage scaling and

still prevent inordinate leakage. Gategg\places a single wide transistor in series with a cache block in a
subarray (Figure 3). The self reverse-biasing of stacked transistors reduces leakage current by orders of
magnitude [26]. By selecting the appropriate cache size, resizable caches can turn off the;gétedqe

disabled subarrays, virtually eliminating leakage in the disabled subarrays.
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3.1 Energy Considerations in Resizable Caches

A resizable cache eliminates energy dissipated in the disabled subarrays but increases L2 energy due to
extra L1 misses (discussed in Section 2), regardless of the organization or the resizing strategy used. The
two key factors in the extra L2 energy are the energy per L2 access and the increase in the number of L2
accesses (or extra L1 misses). Because L2 accesses are not as critical as L1 accesses, delayed precharging
is a viable option to reduce the first factor, and even high-performance chips such as the Alpha 21264
employ this option for L2 [11]. Because extra L1 misses affect both performance and energy, resizable
caches control the second factor disallowing downsizings that cause numerous extra L1 misses.

In addition to the extra L2 energy component, there are other components specific to the organization and
resizing strategy (also discussed in Section 2). For selective sets, L1 energy increases due to the extra resiz-
ing tag bits. This increase is insignificant because the number of resizing tag bits is small (usually between
1 and 4) compared to the number of bit lines in a cache block (e.g., 256). Irrespective of the organization,
dynamic resizing needs to flush cache blocks between sense intervals, incurring extra energy dissipation in
both L1 and L2. Because sense interval lengths are in millions of cycles and the total number of L1 cache
blocks is in thousands, the flush overhead is easily amortized over the interval, even in the worst case when
all the cache blocks are flushed.



4 Results

In this section, we present the answers and supporting results for each question asked in the introduction.
We use SimpleScalar 3.0 to run SPEC applications using reference inputs. \Alanmge vortexandvpr,

from SPEC2000 and nine other applications from SPEC95gEorijpeg, m88ksim, su2cor, and tomcatv

we run the entire application; for the other applications we skip one billion instructions and run the next
two billion instructions to reduce simulation turnaround time. Table 2 shows our system configuration
parameters.

We compute cache switching energy [14] and leakage energy [18], assuming a 0.18 micron technology.
We choose an aggressive supply voltage of 1.0V to enable high performance. Our 32K 4-way cache has a
power rating of 1.1W, of which 39% is leakage. Our power rating is higher than that of StrongARM or
similar processors that do not focus on performance because we assume an aggressive, high-performance
design. However, our results hold qualitatively for high-performance cache design points irrespective of
their specific leakage components and power ratings.

We use the energy-delay product to present the results because it is a well-established metric used in low-
power research. The energy-delay product ensures that both reduction in energy and accompanying perfor-
mance degradation are taken into account together. For each design point, the relative energy-delay is
obtained by normalizing its energy-delay with respect to that of the non-resizable cache with the same size
and set-associativity. We always present the lowest energy-delay product achieved for each benchmark
within a performance degradation constraint of 2% compared to a non-resizable cache. We assume a base
cache of 32K with 1K subarrays. Other configuration parameters are specified as they are varied in each
section.

4.1 Does Selective-sets subsume selective-ways as a cache resizing technique?

In this section, we compare two cache resizing organizations, selective-ways and selective-sets. Based on
our discussion in Section 2, we expect selective-sets to achieve the best relative energy-delay for high-per-
formance designs (1) by providing smaller minimum sizes for the applications requiring small cache size
and (2) by maintaining set-associativity for the applications having a sizable amount of conflict misses.
Applications requiring finer cache sizes around the maximum size and having a small number of conflict
misses can benefit from selective-ways. Therefore, for those applications, selective-ways is expected to
perform as well as or better than selective-sets. Because applications’ instruction reference streams are
usually less conflict-miss intensive than their data reference streams, selective-ways in i-caches is expected
to be able to perform well enough to be comparable to selective-sets.

Figure 5 compares the relative energy-delays of static selective-ways and selective-sets for 32K 4-way d-
caches and i-caches. We use a 4-way set-associative cache for the base case because it provides a reason-
able granularity for selective-ways and is a feasible set-associativity for high-performance systems. For d-
caches, selective-ways reduces the relative energy-delay by an average of 48%, and selective-sets reduces

Instruction issue & decode | 8 issues per cyclg| Base L1 i-cache 32K, 2-way; 1 cycle latency
Reorder buffer entries 128 Base L1 d-cache 32K, 2-way; 1 cycle latency
LSQ size 128 L2 unified cache 1M, 4-way; 12 cycle latency
Branch predictor 2-level hybrid Memory access latency| 80 cycles + 4cycles per 8 bytgs
Write-back buffer entries | 8 Number of mshrs 8

Table 2: Base system configuration parameters.
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FIGURE 4: Relative energy-delay for 4-way static selective-sets and selective-ways.

relative energy-delay by 61%. For i-caches, the numbers are 53% and 59%, respectively. For d-caches,
selective-sets averages 13% better energy-delay than selective-ways. The difference is 6% for i-caches,
indicating that selective-sets subsumes selective-ways for both cache types. The gap is larger in d-caches
because conflict misses in low set-associativity caches prevent selective-ways from downsizing in many
applications. Also, large working sets prevent some applications from experiencing any i-cache downsiz-
ing.

In d-caches, for nine benchmarks out of twelve, selective-sets shows better energy-delay reduction than
selective-ways. Six applicationapsi gcg ijpeg, tomcaty vortexandvpr, mainly benefit from selective-

sets’ ability to maintain set-associativity and prevent conflicts. Three benchnaarkap applu and

m88ksim require small cache sizes and take advantage of the smaller minimum size (4K) provided by
selective-sets. For the remaining applicatioosmpresssu2corand swim selective-ways shows better
energy-delay reduction than selective-s€@mpressequires granularity at large cache sizes which is pro-

vided by selective-ways but not by selective-sets. stitcorand swim selective-ways and selective-sets

use the same cache size. However, because lower set-associative caches read fewer subarrays and dissipate
less L1 energy on each access than higher set-associative caches, selective-sets dissipates more energy than
selective-ways at the same siBawims relative energy-delay is also impacted by a large amount of extra

L2 energy.

For i-cachesammp, compress, m88ksiamdswimrequire small cache sizes throughout execution and take
advantage of the small minimum size available in selective-§pég), apsiandsu2correquire set-associa-

tivity rather than cache size to keep the performance in the allowable range. Therefore, selective-sets
results in better energy-delay reduction for these benchm¥ksandapplu exhibit the same behavior as
su2corandswimfor d-caches: both selective-ways and selective-sets choose the same cache size, but selec-
tive-ways dissipates less ener@cc, vortexandtomcatvhave no cache downsizing because their working

sets are larger than 32K and downsizing incurs large performance degradation.

When cache access time is less critical, higher set-associativity caches are used. To illustrate the differ-
ences in resizing behavior for high set-associativity caches, Figure 5 depicts relative energy-delay for
selective-ways and selective-sets for 8-way, 32K caches. For 8-way caches, selective-ways provides a
broader range of resizing opportunities than selective sets, and our results confirm that selective-ways out-
performs selective-sets in most cases. The excepts2gor, swim, tomcatv, vorteandvpr d-caches, are

due to conflict misses and performance degradation when selective-ways downsizes below a 4-way cache.
For caches in which access time is less critical, circuit techniques are also applicable to reduce energy dis-
sipation. In the remainder of this paper we focus strictly on high-performance designs and use a 2-way set-
associative cache for our base case.
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FIGURE 5: Relative energy-delay for 8-way static selective-sets and selective-ways.

Figure 6 shows relative energy-delay for selective-ways and selective-sets for 2-way, 32K caches. The
results for selective-sets are fundamentally the same as with 4-way caches in Figure 4, athoygind
m88ksimare now able to downsize their d-caches further because a smaller minimum size of 2K is avail-
able. For selective-sets, the average energy-delay reductions are 63% and 65% for d- and i- caches respec-
tively. For selective-ways, the average relative-energy delay reductions of 31% for d-caches and 30% for i-
caches are much smaller than the reductions for selective-sets because selective-ways resizing is restricted
to a minimum size of 16K. We have shown that selective-sets subsumes selective-ways for high-perfor-
mance caches with set-associativities as high as 4. We therefore choose 2-way selective-sets as our base
case.

4.2 s there opportunity for dynamic resizing?

In this section we examine the effects of application behavior on resizing opportunity. Resizing opportunity
exists because of variations in working set size both within and across applications. Though the concept of
resizing opportunity is straightforward, the requirement to identify and analyze each phase of program exe-
cution makes determining the amount of available resizing opportunity difficult. We use a technique called
offline analysigo estimate the resizing opportunity in each application. Comparisons between the results
from offline analysis and static resizing indicate resizing opportunity that static resizing does not exploit.

We develop offline analysis to estimate cache resizing opportunity for applications. We divide each appli-
cation’s execution into intervals made up of one million non-speculative cache accesses (i.e., instruction
fetches for i-caches and committed loads/stores for d-caches) and analyze each interval to determine poten-
tial resizing. Additional experiments not shown indicate that the analysis is not sensitive to interval lengths
within an order of magnitude of 1 million accesses. We compute the energy and latency of each interval for
all cache sizes available using selective-sets. Our goal is to identify the best cache size to choose on a per
interval basis. Initially we choose the cache size with the lowest energy-delay for each interval; however
for most applications this initial choice will not meet our performance constraint of 2%. Therefore we iter-
atively upsize the cache for the specific intervals which save the most clock cycles while increasing energy
the least. When the total number of execution cycles is within the performance constraint, we stop upsiz-
ing. While offline analysis does not take into account resizing overhead that may occur due to increased
resizing, it provides an estimate of potential resizing opportunity using performance and energy informa-
tion for the entire execution. Although the results from offline analysis are not strictly optimal, they provide
estimates of the available opportunity.

Figure 7 (a) shows the ratio of energy-delay for 32K 2-way d-cache offline analysis to that of static selec-
tive-sets. Figure 7 (b) shows the corresponding i-cache results. For d-caches, offline analysis estimates an
average relative energy-delay that is 82% that of static resizing. For i-caches, offline analysis estimates an
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FIGURE 6: Relative energy-delay for 2-way static selective-sets and selective-ways.

average that is 86% that of static resizing. The figures indicate that several applications have significant
resizing opportunity not exploited by static resizing. When static resizing does not offer the cache size
required by the application or working set sizes vary during execution, opportunity for additional resizing
exists.

To further analyze resizing opportunity, Figure 8 presents cache size profiles for offline analysis results in
Figure 7. The x-axis of each graph represents intervals used in analysis, and the y-axis represents the cache
size in K for the interval. The top twelve graphs are for d-caches and the bottom twelve for i-caches. The
curves have different values and many are not flat, showing that variability in cache size demand exists.
None of the curves are flat at 32K, which indicates each application has some opportunity for resizing

We observe three types of behavior and resizing opportunity within the application profiles. The simplest is
those that have a constant size throughout execution. This indicates opportunity for resizing across applica-
tions but not within applications. Constant size requirements can be captured by static resizing. For d-
cachesm88ksimandammpexhibit constant sizes. For i-cachesmpress, m88ksirandswimexhibit con-

stant sizes. The next type of behavior, which cannot be captured by static resizing, is variation in working
set size within the application, indicated by changes in cache resizing behavior over many intervals. An
example of working-set variation in d-caches@npresswhich shows three distinct phaségply, ijpeg,

and su2corare examples of periodic variation in d-cache working set size as execution phases repeat.
Appluandijpeg also indicate periodic variation in i-cache working-set.

The third behavior observed in the results is unavailable-size emulation, which occurs when the cache size

required by the application is not offered. The resizable cache chooses sizes above and below the required
size to achieve emulation. Unavailable-size emulation occurs because there is too much performance or
energy degradation at a smaller size but little degradation at a larger size. Static resizing cannot capture
unavailable-size emulation because of the performance degradation at the smaller size. Dynamic resizing
may be able to amortize the degradation by spending some time at the larger size. Additional sizes might

also be captured by using a hybrid selective-sets/selective-ways resizing scheme.

While unavailable-size emulation may be difficult to distinguish from working-set variation based on the
curves of Figure 8, some examples are apparent. Examples inetuitex and gcc for i-caches, which
experience unavailable-size emulation between 32K and 16K. The oscillation within the three distinct d-
cache working set phases afropresdndicates that this application experiences unavailable-size emula-
tion between 32K and 16K as well as between 16K and 8K in the middle phase. For i-dgsyps;hibits
periodic unavailable-size emulation between 4K and 2K within the periods requiring a 4K working set. The
ranges of behaviors and sizes indicate significant opportunity for dynamic resizing.
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FIGURE 7: Energy-delay for offline analysis relative to static selective-sets.

4.3 Does a miss-ratio based dynamic resizing framework capture resizing opportunity?

In this section, we investigate how a miss-ratio based dynamic resizing strategy proposed in [18] exploits
the opportunity for dynamic resizing shown in Section 4.2 and what system characteristics influence the
effectiveness of the strategy. When miss latency is exposed to the critical path by application or system
characteristics, additional misses significantly degrade performance and discourage further cache downsiz-
ing. We can use miss-ratio to control cache downsizing without impacting performance if we can capture
variability in misses that are exposed to the critical path. First we evaluate the effectiveness of miss-ratio
based dynamic resizing, and then we examine how system characteristics impact the effectiveness this
dynamic resizing strategy.

4.3.1 Effectiveness of miss-ratio based dynamic resizing

Figure 9 compares miss-ratio based dynamic resizing and offline analysis to static selective-sets. For miss-
ratio based dynamic resizing, the resizing interval length is fixed to one million committed cache accesses.
Miss-bound and size-bound are determined on a per application basis to achieve the best energy-delay
product for the application. For i-caches, dynamic resizing shows better energy-delay reduction than static
resizing for the applications in which offline analysis shows significant resizing opportunity beyond the
static resizing results. For d-caches, there are eight applications showing resizing opportunity beyond
static, but dynamic resizing exploits the opportunity for only three of ttmmpress, su2coandvortex

For applications where dynamic resizing always chooses the same size as static resizing, the energy-delay
for dynamic resizing may be worse because dynamic resizing must adapt to the required size during execu-
tion. Due to many applications showing little or no additional resizing opportunity, the average energy-
delay ratio between dynamic and static resizing is small, 94% for d-caches and 93% for i-caches. The val-
ues for d-caches and i-caches are 12% and 7% larger than the offline analysis results reported in
Section 4.2, indicating miss-ratio based dynamic resizing is more successful at capturing additional oppor-
tunity in i-caches.

Because i-cache accesses in superscalar pipelines are typically sequential and on the critical path of execu-
tion, i-cache miss-ratio strongly impacts application performance. Miss-ratios can successfully be used as
an indicator of performance changes from i-cache resizing because a small increase in i-cache miss-ratio
can significantly degrade performance. Unlike i-cache accesses, d-cache accesses typically exhibit signifi-
cant instruction-level parallelism depending on application and system characteristics. When d-cache miss
latency can be overlapped, for example, by a wide-issue superscalar engine with non-blocking data caches,
d-cache accesses are less critical to performance. Therefore, d-cache resizing is not as sensitive to miss-
ratio as i-cache resizing, and large miss-ratios may be acceptable in d-cache resizing when they do not
degrade performance beyond the constraint. However, the energy from a large number of extra L2 accesses
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FIGURE 9: Energy-delay for dynamic resizing and offline relative to static resizing.

may also constrain resizing opportunity even if the misses do not affect performance as mentioned
inSection 2.2.

In Table 3, we show the increase in miss-ratio between a non-resizable cache and a static selective-sets
cache, ordelta miss-ratip as an indication of an application’s tolerance and sensitivity for additional L1
misses in resizing. Delta miss-ratio represents the miss-ratio increase in the application that can occur with
a selective-sets cache size that does not degrade performance by more than 2%. We show results for both 2-
way and 4-way caches to confirm that the behavior is consistent across set-associativities.

Regardless of set-associativity, delta miss-ratios for i-caches are small and less than 1%. For applications
which experience d-cache resizing, however, the delta miss-ratio varies widely across the applications and
is often greater than 1%. The applications for which delta miss-ratio is small for d-caches, qyud) as
su2cor,andtomcatvfor 2-way cachesare sensitive to misses below the achieved size.

Our results in Table 3 show that i-cache resizing is much more sensitive to cache miss-ratio than d-cache
resizing. The sensitivity to misses explains why miss-ratio based dynamic resizing is most effective in i-
caches. The results imply that the overlaps in cache accesses and miss-ratio play a key role in determining
the effectiveness of miss-ratio based cache resizing. For applications that can tolerate many additional
overlapped misses, miss-ratio does not tightly control resizing.

4.3.2 Effect of system characteristics on miss-ratio based dynamic resizing

To show the effects of reducing overlap in misses, we present results for d-caches with high L2 latency and
with low L1-L2 bandwidth in Figure 10 (a) and Figure 11 respectively. We simulate the former by increas-

ing the L2 access latency from 12 to 18 cycles and the latter by reducing the number of miss state holding
registers (mshrs) from 8 to 1. We use these results to examine the effects of making d-cache accesses more
critical to performance

For d-caches with high L2 latency, the ratio between the energy-delays of dynamic and static resizing is
83%. For low-bandwidth d-caches, the corresponding ratio is 82%. This compares to 94% in the base-case
from Section 4.3.1, indicating that dynamic resizing is more effective at capturing opportunity in high-

2-way 27 16 28 00 08 31 10 00 74 02 00 21 02 00 00 00 00 01 00 05 00 00 00 01
4-way 06 13 30 00 07 08 06 00 67 02 08 15 05 00 00 00 00 01 00 00 00 00 00 01
LY & L DL L Y £ P O LT L T
S 2§ S $F @K S 2§ S §F @K
S & & @Q& AN Q;S"% NG 2 N S & & @é‘b S { (g}@ NG & & S
& < ~ & & RS
(a) D-Cache (b) I-Cache

Table 3: Delta-miss ratio (%) for 2-way and 4-way static selective-sets.
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FIGURE 10: Energy-delay with 18-cycle L2 latency for dynamic resizing relative to static resizing.

latency and low-bandwidth situations. Static resizing fails to resize at atbimpress, gcc, swimanpdvor-

texin the d-caches with high L2 latency and faympress, gcc, swim, tomcaawdvortexin the low-band-

width d-caches. This is expected because of the larger performance impact of misses which is less
favorable to cache downsizing than in the base case. However, dynamic resizing still squeezes savings out
of applications with d-cache misses that are exposed to the critical path.

One indication of memory exposure to the critical path is IPC; a higher IPC indicates more potential paral-
lelism and less exposure. For applications with high IPC (greater than 2.0) in the base case, specifically
applu, apsi, ijpegand swim dynamic resizing does not achieve substantially lower energy-delay than
static-resizing, because these applications exploit large amounts of parallelism in d-cache accesses. In the
other lower IPC applications, the ratio of dynamic resizing energy-delay to that of static resizing is an aver-
age of 76%, significantly smaller than the 94% value for the base case with low L2 latency.

Low-bandwidth between L1 and L2 shows similar results with several notable exceptions. For one high
IPC applicationjjpeg, static resizing could not downsize at all because the application’s d-cache access
pattern requires large bandwidth between L1 and L2. However, removing parallelism in the bandwidth
allows dynamic resizing effectively utilizes some of the available resizing opport&icorandvpr are

low IPC applications for which we would expect dynamic resizing to outperform static resizing. However,
their performance degradations are near 2% in the base case and become larger as bandwidth decreases,
preventing additional dynamic resizing.

We also examine results for i-caches with high L2 latency as seen in Figure 10 (b). We do not examine an
i-cache with 1 mshr because our i-cache is already blocking and low-bandwidth. For i-caches with high L2
latency, the results are similar to the base case but downsizing is discouraged everywhere due to the larger
performance impact of misses. Despite the overall reduction in downsizing potential, dynamic resizing still
manages to capture some opportunity for energy savings.
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FIGURE 11: Energy-delay for low L1-L2 bandwidth dynamic resizing relative to static resizing.
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FIGURE 12: Energy-delay for static hybrid resizing relative to static selective-sets.

4.4 How effective is a hybrid selective-ways-and-selective-sets organization?

In this section, we investigate and evaluate hybrid organization. The hybrid organization captures and

enhances the primary advantages of selective-ways and selective-sets by offering a richer spectrum of
cache sizes. Hybrid offers better resizing granularity than either of selective-ways and selective-sets and
therefore improves optimization by providing sizes closer to the actual cache size demand of the applica-

tions. Also, hybrid organization offers smaller sizes for applications demanding small cache sizes.

Figure 12 presents the energy-delays for static hybrid resizing for d- and i-caches relative to static selec-
tive-sets. The results are based a on 32K 4-way set-associative cache, in which hybrid organization has the
resizing granularity described in Table 1. We do not include selective-ways in the figures because we saw
in Section 4.1 that selective-sets generally subsumes selective-ways. The results show that hybrid organiza-
tion achieves equal or better energy-delay reduction than selective-sets without exception. On average,
hybrid’s energy delay is 64% of the result of static selective-sets for d-caches and 68% of the result of static
selective-sets for i-caches.

As we forecasted, there are two situations for which hybrid organization does better than the selective-sets.
For compressijpeg, vortex su2corin d-cache anadompressm88ksimammp swim apsiin i-cache, its

ability to offer better resizing granularity plays a role and show better energy-delay reduction than selec-
tive-sets. The cache sizes utilized by these applications in the hybrid organization are not supported by
selective-sets. Smaller sizes offered by hybrid which are less than the minimum size of selective-sets or
selective-ways are utilized m88ksimammpfor d-cachecompressm88ksimammp swimfor i-cache.



5 Related Work

A number of previous studies have focused on architectural/microarchitectural technigues to reduce the
energy dissipation in modern processors. Manne, et al., [16] propose pipeline gating to reduce energy dissi-
pation due to mispredicting branches. Brooks, et al., propose and/or evaluate several techniques to reduce
energy dissipation including narrow-width operands [5], and loop unrolling and memoing [6]. Toburen, et
al., [23] evaluate instruction scheduling techniques to reduce energy dissipation. Vijaykrishnan, et al., [24]
evaluate the impact of several performance-enhancing architectural and compiler techniques on energy dis-
sipation and power.

There are a number of studies that have specifically focused on reducing the energy dissipation in cache
memories. Many of these propose placing small energy-efficient buffers (e.g., 128-256 bytes in size) in
front of caches to filter traffic to the cache. Examples include block buffers [7,22], filter cache [15], and the
loop cache [3]. Filtering, however, is only effective when application working sets are extremely small and

is otherwise not applicable. Moreover, when working sets do not fit, filtering increases the critical path
access time for accessing cached information and may significantly reduce performance. Others propose
way-prediction for selective precharging data arrays in set-associative caches [13]. Unfortunately, way-pre-
dictors increase the cache access critical path, do not achieve high prediction accuracies, and may reduce
overall performance [8] and increase the energy-delay product. Moreover, way-prediction tables contribute
to energy dissipation.

Recently, there have been three proposals for cache resizing [1,18,20] two of which focus on reducing
energy dissipation. Ranganathan, et al. [20], propose a statically resizing selective-ways i-cache and use it
to partition the cache and use the unused part as auxiliary storage for instruction reuse information to
increase performance. Albonesi [1] proposes a statically resizing a selective-ways cache, and evaluates the
cache’s effectiveness in reducing switching energy. Powell, et al. [18], propose a dynamically resizing
selective-sets i-cache, and evaluate its effectiveness to reduce leakage energy dissipation. In this paper, we
draw keyresizing architectural design aspects from Albonesi's and Powell, et al.'s proposals, to evaluate
effectiveness of and opportunity for cache resizing to reduce energy dissipation. We also consider overall
energy dissipation including both switching and leakage energy, and propose a hybrid cache organization
and that exploits advantages of both selective-ways and selective-sets.



6 Conclusions

Recent research advocates using resizable caches to reduce energy dissipation in cache memories with
minimal impact on performance. There are two proposals for cache resizing that vastly differ in their effec-
tiveness in exploiting opportunity for cache resizing in applications. The previous proposals for resizable
caches fundamentally vary in two design aspects: (1) cache organization, where one organization, referred
to asselective-waysvaries the cache’s set-associativity, while the other, referredgelastive-sets/aries

the number of cache sets, and (2) resizing strategy, where one pretaigallly sets the cache size prior to

an application’s execution, while the other allows dgnamicresizing both across and within applications.

While the various design choices in these proposals vastly differ in how they exploit opportunity for cache
resizing and their effectiveness in reducing energy, these choices have never been compared against each
other.

To date, there are no previous studies comparing the merits of the various design choices for cache resizing
in the previous proposals. Rather than evaluating an exhaustive set of design choices, in this paper we
selected ey set of questions to understand the underlying application/system characteristics affecting
choice in cache resizing.

1) Does selective-sets subsume selective-ways as a cache resizing technique?
2) Is there opportunity for dynamic resizing?

3) Does a miss-ratio based dynamic resizing framework capture the opportunity?
4) How effective is a hybrid selective-ways-and-sets organization?

Using cycle-accurate performance and circuit simulation tools, we showed that: (1) selective-ways and
selective-sets perform comparably for i-caches, but selective-sets outperforms selective-ways for d-caches
because selective-sets maintains set-associativity while reducing size benefitting applications with a high
degree of conflict misses, (2) there is only a moderate degree of opportunity for dynamic resizing within
applications, (3) a miss-ratio based dynamic resizing framework is more effective in capturing the opportu-
nity for resizing within applications in i-caches than d-caches, because in d-caches misses are often over-
lapped making performance less sensitive to miss ratio, and (4) our hybrid organization of selective-ways-
and-sets offers a richer spectrum of sizes than either individual organization, significantly improving the
energy-delay product.
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