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Abstract.  Voltage scaling reducesleakage power for cache lines unlik ely
to be referencedsoon. Partitioning reducesdynamic power via smaller,
specialized structures. We combine approaches, adding a voltage scal-
ing design providing "ner control of power budgets. This delivers good
performance and low power, consuming 34% of the power of previous
designs.

1 Intro duction

Power consumption is a rst order designcriteria for most embedded systems.
This is particularly true for newer high-end embeddedsystemsdesignedfor hand-
held devicessuch asPDAs, GPS navigators, media players, and portable gaming
consolesThesesystemsnot only have faster processorfrequenciesbut they also
place a greater burden on the memory system. This in turn requireslarge caches
both to reduce accesslatency, and (just asimportantly) to avoid large energy
costs of o®-dip memory accessesvhen a miss occurs. These larger caches con-
sume a greater portion of the die area and accourt for a larger percertage of
total system power.

Previous researd has targeted both static (leakage) power and dynamic
switching power. Leakage power can be reduced by reducing the cade size,
either by making a cache smaller, or by shutting o® portions of it. As an alter-
native to shutting o® parts of the cade, it is possibleto reduce the operating
voltage for those parts, which reducesthe leakage current but increasesaccess
latency. Such drowsy cates[6] usually reducevoltage on all cache lines periodi-
cally, \w aking up" (bringing back to normal voltage) lines asthey are accessed.
Infrequently accessedines remain in drowsy mode for long periods.

Switching power can alsobe minimized by reducing the sizeof the cace. Un-
like leakage power, which is determined by the total areaof all powered portions
of the cadhe, switching power is only consumedby the portion of the cache be-
ing accessedThis enablesa partitioning strategy to be usedto reduce switching
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Fig. 1. Organization of Region-BasedL1 Caches

power. For instance, a single cache can be partitioned into multiple sub-cade
structures that are accessedndependertly. When a referenceis made, only one
of the cade partitions is accessedthe selectionof which cate to accesdepends
on the partitioning strategy. Region caces[20,18,19,7] partition the data cache
into separatestadk, global and heapcades(asin Figure 1) that retain data from
the corresponding memory regions.The heapcade sernesasa generalL1 Dcache
for data not falling in other regions.This partitioning strategy usesa simple ad-
dressdecaler (using only a few addressbits) to identify the region and route the
referenceto the appropriate cache. Switching power goesdown, sincethe region
cachesare smaller (particularly the stadk and global regions).

Our researt builds on both the drowsy cade and the region cacing work.
We dewvelop a new region cache model that maintains original hit rates while re-
ducing leakagevia smaller multi-accesscolumn asseiative [1] (CA) and MRU [12]
cades.Thesestructures exhibit excellert implementation cost, performance,and
energytradeo®sfor the target applications. We alsoemploy a drowsy policy that
is simple to implement, scalesbetter than previous policies, and allows ner
cortrol over cache power managememn This ReuseDistance (RD) policy tracks
lines being accessedkeepinga limited (potentially con gurable) number of lines
awake. Figure 1 illustrates our organization (RD bu®ersare much smaller than
depicted). The RD bu®er records IDs corresponding to cache lines being kept
awake. When the bu®eris full and a new cade line is accessedthe LRU line is
made drowsy and its ID is overwritten by the new line's. A bu®erof N ertries
only needsN courters of logpN bits, sincethey are incremerted every memory
accesgand not every cycle, asin someprevious drowsy policies).

By adapting techniques originally proposedto improve cade performance,
we develop robust cadhe organizations to consene energy in high performance
embedded systems.On the MiBench suite, our multiple-accessassaiative RD
drowsy policy delivers IPCs of more complicated drowsy designswhile using
16% lesstotal power via our multiple-accessassaiative RD policy. Compared
to non-drowsy designs,we reduce power by 65% on average, while remaining
within 1.2% of the original mean IPC.



2 Related Work

Inoue et al. [13] survey techniques for reducing memory accessenergy while
maintaining high performance.We discussthose techniques most related to our
investigations: partitioned, drowsy, and multi-accesscade organizations.

2.1 Partitioned Hierarc hies

Breaking monolithic memoriesinto separatecomponerts enablesoptimizing those
componerts to achieve better performance or consene energy Early \horizon-

tal" partitioning broke L1 cadesinto separate instruction (Icache) and data

(Dcache) designs,and \v ertical" partitioning added multiple levelsto the hier-

archy. Modern vertical partitionings may create an LO memory level between
the processorand L1, asin line bu®ers[14,9,27] and Tter cades[17]. These
small structures reduce average accessenergy for hits (i.e., accessesvith high

temporal locality) at the expenseof increasedaccessatency for misses(which

increasesaverage L1 latency). Horizontal partitioning reducesdynamic power
by a di®erert means:directing accessest the samehierarchy level to di®eren

structures or substructures, asin cace subbanking [9, 27], allows smaller struc-

tures. Specializedloop caches[10] and scratchpad memories[29,21] canimprove
performancefor scierti ¢ or embeddedapplications, for instance. Sincedi®eren

data referencesexhibit di®erer locality characteristics, breaking the L1 data
cache into separate,smaller horizontal structures for stack, global, and heap ac-
cessed20,18,19,7] better exploits temporal and spatial locality behavior of the

di®erent data regions. This can improve hit rates and cut dynamic and static

energyconsumption. The Bell Labs C Machine [5] hasa separatestadk hardware
structure, and thus constitutes an early example of a region-basedcade.

2.2 Drowsy and Decay Caches

Turning o® dead portions of cade after writing dirty lines badk to the next
level of memory helps control leakage energy Sud decay caches[23,15] often
trade performance for reduced power consumption. By predicting dead lines,
Kaxiras et al. [15] reduce L1 leakage energy by up to a factor of "v e with little
performanceimpact. A two-bit courter per line tracks the current working set,
and at ead adaptive dece interval they setline states basedon courter values.
Even when cade lines are still live, they may be read infrequertly. Plac-
ing idle cade lines in a dormant state-preserving (drowsy) condition reduces
static power consumption by decreasingsupply voltage of the wordlines via dy-
namic voltage scaling. Drowsy lines must be brought back to normal voltage
before being loaded in the sense-ampli ers,thus accesdatency to theselines is
increased.Repeatedly changing state causeshigh performanceand power over-
heads.Drowsy wordlines consistof a drowsy bit, voltage corntrol mecanism, and
wordline gating circuit [16]. The drowsy bit controls switching betweenhigh and
low voltages,and the wordline gate protects data from being accessedn drowsy
mode. Flautner et al. [6] investigate simple and noaccessstrategiesto keepmost



lines drowsy and avoid frequert state changes.The simple policy setsall cace
linesto drowsy after a presetnumber of clock cycles,waking up individual lines
as they are accessedthe noaccesspolicy setsall lines not accessedwithin the

interval to drowsy. The simple policy o®ersaggressie leakagereduction, whereas
the noaccesoolicy is intended to yield better performanceby keepingactively

usedlines awake. In practice, the policies exhibit minor performancedi®erences,
and thus most drowsy structures use the simple policy for its easeof imple-

mentation [6]. Geiger et al. add drowsinessto their heap cace [8] and explore
a separate, smaller, non-drowsy hot heap cacheto hold lines with highest tem-

poral locality [7]. Sincethe stack and global caches service most references,an

aggressie drowsy policy in the heap cace hasnegligible e®ectson performance.
Petit et al. [22] proposea ReuseMost Recently used On (RMR O) drowsy cace
that beharesmuch like a noacces9olicy adapted for set assaiativit y, using up-

date intervals to calculate how often a set is accessedThe MRU way remains
awake during the interval, but other ways of infrequertly used sets are turned

0o®.RMRO is more sophisticated than the simple policy, but requiresadditional

hardware per set and usesdynamic power every cycle. None of thesepolicies can

place a hard limit on total cadte leakage.

2.3 Multiple-Access Caches

A two-way assaiative cade delivers similar performanceto a direct mapped
cadhe twice the size,but even on accesseshat hit, the assaiative cache wastes
power on the way that misses:two banks of sense-ampli ersare always charged
simultaneously. Multiple-access or Hybrid Access cades addressthe area and

power issuesof larger direct mapped or corvertional two-way assaiative caches
by providing the bene ts of assaiativit y|allo wing data to resideat more places
in the cacde, but requiring subsequeh lookups at rehashd addresslocations on

misses|to trade a slight increasein complexity and in averageaccesstime for

lower energy costs. Smaller structures save leakage power, and charging shorter

bitlines or fewer sets saves dynamic power. Examples include the hash-rehash
(HR), column assciative (CA) [1], MRU [12], Half-and-Half [28], skew asso-
ciative [25], and predictive sequetial assciative [4] caches.Hash-rehashcades
swap lines on rehash hits to move the most recertly accessedine to the origi-

nal lookup location. CA cadces avoid thrashing lines betweenthe original and

rehash locations by adding a bit per tag to indicate whether a given line's tag

represens a rehashedaddress.Adding an MRU bit to predict the way to access
rst in a two-way ass@iative cadce reducespower consumption with minimal

performance e®ects.Their easeof implementation and good performance char-

acteristics make CA and MRU way-predictive ass@iative structures attractiv e

choicesfor low power hierarchies; other multiple-accessdesignsfocus on perfor-

mance over energy savings.



Process 70nm

Operating Voltage 1.0V

Operating Temperature 65° C

Frequency 1.7 GHz

Fetch Rate 1 per cycle

Decode Rate 1 per cycle

Issue Rate 1 per cycle

Commit Rate 1 per cycle
Functional Units 2 Integer, 2 FP
Load/Store Queue 4 entries

Branch Prediction not taken

Base Memory Hierarchy Parameters [32B line size

L1 (Data) Size 32KB, direct mapped
L1 (Data) Latency 2 cycles

L1 (Instruction) Size 16KB 32-way set assciative
L1 (Instruction) Latency 1 cycle (pip elined)
Main Memory 88 cycles

Table 1. Baseline ProcessorCon guration

L1 (Data) Size 16KB, CA or 2-Way Set Asscciative
L1 (Data) Latency |1 cycle
L1 (Stack)Size 4KB, direct-mapped

L1 (Stack) Latency |1 cycle
L1 (Global) Size 4KB, direct-mapped
L1 (Global) Latency |1 cycle
Drowsy Access 1 cycle

Table 2. Region Drowsy Cache Con guration Parameters

3 Experimental Setup

We use SimpleScalar[3] with HotLeakage [30] (which models drowsy cading)
for the ARM [24] ISA to model the 32 benchmarks from the MiBench suite [11].
This suite represens a range of commercial embedded applications from the
automotive, industrial, consumer,o+ce, network, security, and telecom sectors.
Our simulator has beenadapted for region cading [7], and we incorporate col-
umn asscaiativit y and MRU way prediction, along with our RD drowsy policy.
The processoris single-issueand in-order with a typical v e-stagepipeline, asin
Table 1. We calculate static power consumption via HotLeakage, and use both
CACTI 3.2 [26] and Wattch [2] to calculate dynamic power consumption. We
calculate memory latency for single accessewvia CACTI. To establish a valid
baselinecomparisonwith Geigeret al.'s previous region caching work [8] we use
their cache con guration parameters: separate, single-ported 32KB L1 instruc-
tion and data cacheswith 32B lines. Table 2 givesfull details of our region based
caching con gurations.

The main forms of power dissipation are static current leakageand dynamic
switching of transistors transitioning amongdi®erert operating modes.HotLeak-
age calculates static cadhe leakage as a function of the processtechnology and
operating temperature (since leakage doubleswith every 10° C increase).Oper-
ating temperature is 65° C, which is suitable for embeddedsystemsfor personal
electronics. Dynamic power consumption for typical logic circuits is 1CV?f, a

2
function of the frequency capacitanceand operating voltage. We chooseCACTI
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Fig. 2. Organization of Drowsy LRU Structure for an RD of Eight

over Wattch [2] to model dynamic power for all our cachessincethe former more
accurately calculates the number of senseampli ers in assaiative cades. We
corvert CACTI energynumbersto power valuesbasedon architecture parame-
ters in Table 2. We use CACTI valuesto accurately model dynamic power and
combine thesewith HotLeakage'sleakagenumbersto computetotal power. Since
CACTI reports energy and uses0.9V for 70nm while Wattch and HotLeakage
use power and 1.0V for that processtechnology, we corvert our numbers us-
ing the appropriate frequency (1.7GHz) scaling P=E=t where E= %C £ V2 for
V=0.9 to V=1. Thesecorversionsensureaccuracyof numbersbeing addedfrom
di®erert modeling tools.

Figure 2 illustrates the organization of a ReuseDistance drowsy mecanism.
The RD policy tracks lines being accessedkeeping a limited number of lines
awake. The RD bu®erstoresIDs corresponding to awake cade lines. When the
bu®eris full and a new cade line is accessedthe LRU line is made drowsy
and its ID is overwritten by the new line's. Counters track which bu®er ertry
is the LRU. The RD circuitry never dictates what lines to awaken, but only
which lines to make drowsy, which keepsit o® the critical path (making RD
timing irrelevant). Power consumption and silicon area are accounted for (but
negligible). An RD bu®er of N entries only needsN courters of loxN bits
that are updated every memory accesgand not every cycle). Assuming a reuse
distance size of eight and 1024 cache lines (as for a 32KB 32-Byte line baseline
cache), storing the awake cacheline IDs and current LRU courts requires 104
bits ([loz1024 + log8 bits] * 8), of which only a single bu®er's count value
(three bits) would be resetevery cache accessPower consumption for this extra
circuitry is akin to the simple policy's single counter's dynamic power, since
more bits are usedbut are accessedessfrequertly.

4 Evaluation

We compareour baselineregion cacdhesto organizationsin which the heap cadte
is replaced with a multiple-accesscadcie (CA or MRU) of half the size. Access
patterns for the stack and global cache make their direct mapped organizations
work well, thus they need no assaiativit y. We study drowsy and non-drowsy
region cadhes, comparing simple, noaccessand RD drowsy policies. Keeping all



lines drowsy incurs an extra cycle accesgpenalty that lowers IPC by up to 10%
for someapplications. If performanceis not crucial, using always drowsy caces
is an attractiv e design point. We 'nd that the noaccessdrowsy policy always
usesslightly more power than the simple policy, although it yields slightly higher
averageIPC by about 0.6%. Given the complexity of implemertation, the low
payo®in terms of performance,and the lack of energysavings, we usethe simple
policy in our remaining comparisons.

We nd that keepingonly three to v e lines awake at a time yields good re-
sults. Many applications reusefew lines with high temporal locality, while others
have such low temporal locality that no drowsy policy permits line reuse:our
policy works well in both cases.The RD drowsy policy is implemented with a
bu®er (per region cadche) that maintains an N-entry LRU \cache" of the most
recertly accessedset IDs. The RD bu®erLRU information is updated on eadh
cache access,and when a line not recordedin the bu®eris accessedand awak-
ened,the LRU entry is evicted and put to sleep.Unlik e the simple and noaccess
policies, RD requires no counter updates or switching every clock cycle, and
thus consumesno dynamic power between memory accessesWe approximate
RD's dynamic power consumption asthe number of memory accessesultiplied
by the switching power of a number of registers equal to the bu®er size. Static
power overheadis negligible relative to cade sizes.RD is essetially a simpli-
“ed implementation of the noaccesspolicy, but is basedon the last unique N
lines, not lines accessedluring an arbitrary update interval. We experiment with
bu®ersof three, v e, 10, and 20 entries, nding that bu®ersof only three entries
reduce power signi cantly over those with v e, while only negligibly decreasing
IPC. Larger bu®erssu®erlarger cace leakage penalties becausemore lines are
kept awake, in return for reducing the number of drowsy accessesFigure 3 il-
lustrates the percertage of total accesseshat are accessedvithin the last N or
fewer memory references.On average,the last three and four memory accesses
capture 43.5%and 44% of the total accesseso the heap cache. The increaseis
not linear, asthe last 15 unique memory line accesse®snly capture 45.5% of all
heap accesses.

Update window sizefor the other drowsy policiesis 512 cyclesfor the heap
and stack cace, and 256 cyclesfor the global cacdhe®. We 'nd RD's power and
performanceto be highly competitiv e with the simple policy for the cacheswe
study. Note that our small update windows are aggressie in their leakageenergy
savings: windows of 4K cycles,asin Flautner et al. [6] and Petit et al. [22], su®er
20% more leakageenergy Thusthe simple drowsy policy is dependert on update
window size,whereasthe RD policy is independert of any update interval (and
CPU frequency). This meansit scaleswell with number and sizesof cades:
hardware overheadis minimal and "xed.

To provide intuition into simple drowsy policy performanceand motivation
for our RD con guration, we track the number of awake lines during update
intervals. Figure 4 showsthat for all bendhmarks, on average,66%of the intervals

% These values were found to be optimal for simple drowsy policies and region
caches[8].
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Fig. 3. ReuseDistances for Last 15 Cache Lines
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Fig. 4. Number of Heap Cache Lines AccessedDuring simple Intervals (512 Cycles)

accessfewer than four lines. These data are normalized to the total number
of intervals per benchmark so that detail for shorter-running bendmarks is
presened. Benchmarks sud as jpeg.decale use eight or more lines during 42%
of their intervals, but larger active working sets mean increasedleakage. RD's
performance on jpeg.decale is within 2% of simple's, and RD saves 5% more
leakage energy by limiting the number of lines awake at a time. Theseexamples
indicate that a con gurable RD bu®er size would allow software to trade o®
performance and energy savings: systemsor applications would have "ne-grain
control in enforcing strict performancecriteria or power budgets.

Although CA organizations potentially consumehigher dynamic power on a
single accesscomparedto a direct mapped cache, this slight costis o®setby sig-
ni cant leakagesavings sincethe CA cade s half the capacity. The CA strategy
consumedessdynamic power than a cornvertional two-way set assaiative cache
that chargestwo wordlines simultaneously (which meansthat the two-way con-
sumesthe samepower on hits and misses).In contrast, a CA cade only charges
a secondline on a rehash access.The secondlookup requires an extra cycle,
but rehash accessesepresen an extremely small percertage of total accesses.
Figure 5 shows percertages of accesseghat hit on rst lookup, hit on rehash
lookup, or missthe cache: on average,99.5%of all hits occur on the ‘rst access.
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MRU assaiative cathesusea one-bit predictor per setto choosewhich way
to charge and accessrst. This performs well becausemost hits occur to the
way last accessedOn a miss of both ways, the prediction bit is setto the way
holding the LRU line to be evicted. On an incorrect guessor miss, MRU cades
su®eran extra cycle of latency over a normal two-way assaiative cace. This is
o®setby signi cant power savings on correct predictions: sincethe MRU cace
is physically partitioned into two sequettial sets,it only chargeshalf the bitline
length (capacitance) of a samesizedirect mapped or CA cade. Figure 5 shows
percertagesof hits in the predicted way, hits in the secondway, and misses.On
average,98.5%of all hits are correctly predicted, resulting in a 50% reduction in
dynamic power. The remaining accessegthe other 1.5%that hit plus the misses)
consumethe samedynamic power as a two-way assaiative cade.
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4.1 Sustaining Performance

Figure 6 graphs IPCs relative to direct mapped caces with the best update
windows from Geiger et al. [8]. In the majority of bendimarks, two-way set
assaiative, CA, and MRU cadhesmatch or exceedthe performanceof their direct
mapped courterparts, but they do soat half the size.Hit rates are competitiv e,
and MRU cades a®ord smaller accesslatencies from correct way predictions.
Exceptions are ghostscript and the susanimage processingbencmarks, which
have a higher hit rate with the assaiative con guration, but a lower IPC than
the direct-mapped cache con guration. # Overall, IPCs are within 1% of the best
baselinecase,aswith the simple and noaccessesults of Flautner et al. [6]. These
di®erencesare small enoughto be attributed to modeling error.

4.2 Reducing Dynamic Power

Figure 7 shaws heap cache dynamic power normalized to a direct mapped base-
line (note that dynamic power is independert of drowsy policy). CACTI indi-
catesthat the two-way assaiative cace uses19% more power, the CA cadce
uses7.3%lesspower, and the MRU cade uses50%lesspower on a singlelookup.
Figure 7 illustrates this for CA and MRU organizations: rehashcheds and way
mispredictions increasepower consumption for somescenarios.

4.3 Reducing Leakage Curren t

Accesspattern haslittle e®ecton static leakage.However, static power consump-
tion is higher for benchmarks for which assaiativ e organizationsyield lower IPCs
than the direct mapped baseline. Reducing sizesof assaiative caces reduces
leakage on average by 64% over the baseline direct mapped cadces. Although
IPC degradesby 1% betweennon-drowsy and drowsy cades, the leakagereduc-
tion in drowsy organizations is substartial, as showvn in Figure 8. Performance
for the RD policy is slightly worse, but di®erencesare suzciently small as to
be statistically insigni cant. The noaccessolicy has highest IPCs, but su®ers
greatestleakage,dynamic power, and hardware overheads;we excludeit in from
our graphsto make room for comparison of the more interesting design points.
The simple and RD policies exhibit similar savings, but the RD medanism is
easierto implement and tune, without requiring window sizecalibration for eat
workload. Ideally, update window sizefor simple drowsy policiesand RD bu®er
sizeswould be software-con gurable for optimal power-performance tradeo®s
among di®erent workloads. No single setting will always yield best results.

The e®ectsof heap cathe dynamic energy savings shown in Figure 7 rep-
resent a small contribution to the total L1 Dcache power consumption shown
in Figure 9. Implementing drowsy policies acrossall memory regions plays a

4 We "nd these results to be anomalous: porting to the Alpha ISA and running on
a single-issue, in-order, architecturally similar Alpha simulator results in the way-
assciativ e caches having higher IPCs for these benchmarks.



signi cant role in the power reductions we obsene, with RD again having low-
est power consumption of the di®erent policies. MRU cacesimplemerting RD
drowsinessyield the lowest power consumption of the organizations and poli-
ciesstudied. This combination delivers a net power savings of 16% comparedto
the best baselineregion organization implementing simple drowsiness,and 65%
compared to a typical non-drowsy, partitioned L1 structure. These signi cant
power savings comeat a neglible performancereduction of lessthan 1.2%.

5 Conclusions

We adapt techniquesdeveloped to improve cache performance,usingthem to ad-
dressboth dynamic and leakage power. We revisit multiple-accesscaceswithin
the arena of high-performance embedded systems, nding that they generally
achieve equal hit rates to larger direct mapped cacheswhile a) reducing static
power consumption comparedto direct mapped caches,and b) reducing dynamic
power consumption comparedto normal assaiative caches.We employ multiple-
accesgegion cacheswith drowsy wordlines to realize further reductionsin both
dynamic and static power. With respect to drowsy cading, a simple three- or
“ve-eriry ReuseDistance (RD) bu®erthat maintains a small number of awake
(recently accessed)cade lines performs as well as the more complex policies
usedin most studiesin the literature. Our RD drowsy mechanism is easyto im-
plemert, scaleswell with di®erern cade sizes,scaleswell with number of caches,
and o®ers ner cortrol of power managemen and performance tradeo®sthan
other published drowsy policies.

Resultsfor most competing drowsy cacing solutions are highly dependert on
update window sizes.Theseexecution-window basedsolutions generally employ
di®eren intervalsfor di®eren typesof caches.Performanceand power properties
of all such policiesare intimately tied to CPU speed,which meansthat intervals
must be tuned for every microarchitectural con guration (and could be tuned
for expected workloads on these di®erert con gurations). In corntrast, behav-
ioral properties of the RD drowsy mecanism depend only on workload access
patterns. Combining multiple-access\pseudo-assaiativit y" with region cacing
and our RD drowsy policy reducestotal power consumption by 16% on average
comparedto a baselinedirect mapped cadte with a simple drowsy policy. This
savings comeswith lessthan 1% changein IPC. Comparedto a direct mapped,
non-drowsy region cacing scheme,we remain within 1.2%of IPC while realizing
power reductions of 65%.

Future researt will investigate combining an L2 decay cache with drowsy L1
data cades. Well manageddrowsy cacdheswill be important to a range of CMP
systems,and thus we are beginning to study combinations of energy saving ap-
proachesto memory designwithin that arena.For sharedcade resourceswithin
a CMP, drowsy policies relying on speci ed windows of instruction execution
becomemore ditcult to apply, making the CPU-agnostic RD mecdanism more
attractiv e. In addition, we believe our RD drowsy mecanismto be particularly
well suited to asyndronous systems.
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