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Abstract

This paper exploresthe limits of microprocessorpower savings available via certain
classesof architecture-level optimization. It classi es architectural power optimizations
into three categories,three sourcesof wastethat consumeenergy The rst is the execution
of instructions that are unnecessaryfor correct program execution. The secondsource of
wasted power is speculation waste{ waste due to speculative execution of instructions that
do not commit their results. The third sourceis architectural waste. This comesfrom
suboptimal sizing of processorstructures. This study shows that when these sourcesof
waste are eliminated, processorenergy has the potential to be reduced by 55% and 52%
for the studied SPEC 2000integer and oating point benchmarks respectively.

1. Intro duction

Power consumption and heat dissipation have becomesigni cant challengesin the design
of modern high-performanceprocessors.Additionally , mobile and other energy-constrained
processorsare expected to provide performancesimilar to high-performance desktop pro-
cessors.

A signi cant amourt of recert researt has sough to reducethe power consumption of
processors,ncluding high-performance general purp ose microprocessors.Power consump-
tion can be reduced at many levels, from the circuit level to the application level. This
paper seeksto explore the limits of power reduction available due to optimizations at the
architecture level. This researt identi es three broad categoriesof wasted energy that
either have been, or could potentially be, targeted for reduction. Those categoriesare
program waste, speculation waste, and architectural waste. The focus of this researt is
the reduction of power and energy dissipation in high-performance, high instruction level
parallelism processors.These categoriesof program waste encompassmuch of the ongoing
researd in architectural power reduction { assumingsolutions that do not fundamertally
changethe processoror its performance.

Program waste arises when the processorfetches and executesinstructions that are
not necessaryfor correct execution. This includes instructions that produce either dead
or redundant values, or any instruction whoseonly consumersproduce dead or redundant
values. We consideran instruction unnecessaryif it producesa deadvalue or doesnot a ect
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any changeon processorstate (e.g., the contents of registersand memory). Someexamples
of power and performanceoptimizations that target this type of waste include elimination
of silent stores[1, 2] and dynamically dead instructions [3].

Speculation wasteresults from speculative fetching and executionof instructions beyond
unresolved branches, inevitably leading to wasted energy when those branchesare mispre-
dicted. Theseinstructions are fetched into the processorand consumepipeline resources
and energy but are never committed and do not changepermanert processorstate. Exam-
plesof energyand performanceoptimizations that target this type of wasteinclude pipeline
gating [4] and aggressie branch predictors [5].

Architectural waste results from the static sizing of architectural structures, sud as
cades, instruction queues,branch predictors, etc. Memory array structures are often de-
signedto hold a large amount of data in order to obtain good overall performance,but a
given program usually cannot exploit this at all times. Instruction queuesare designedwith
a large number of entries when often there is little parallelism in the running code. For
performancereasonsthesestructures are madeaslarge as possible. Making them too small
canalsowaste power (causingmore misstra ¢, increasingmisspeculation, etc.). This study
examinesthe power dissipation of cades and instruction queuesthat are always exactly
the right size. Examples of power and performance optimizations that target this type of
waste include selective cate ways [6] and dynamically resizedissuequeues[7].

The experimentation and analysis in this paper assumesan aggressie, dynamically
scheduled wide superscalar processor,but many of the results would apply to the same
relative degreeto nearly any processor. While it is a limit study, this researtr does not
encompassthe power reduction available from profound architectural changes(e.g., the
di erence betweena dynamically scheduled processorand a statically sdheduled processor),
but rather focuseson a single architecture that adapts in idealized ways to avoid waste.
Becausethis is a limit study, we make no assumptionsabout how or to what externt these
sourcesof waste are avoided.

Among the ndings of this researd are the following:

In order to take full advantage of the opportunities to reduce program waste (unnec-
essarycomputation), we must identify not only the redundant or uselessnstructions,
but alsothose instructions which only produce valuesfor the redundant instructions.

Rewlutionary advances(e.g., morethan afactor of two or three) will not comewithout
signi cant changesto the underlying architecture (the type of changesthat violate
the underlying assumptionsof this study).

This paper is organizedasfollows: Section2 coversrelated work. Section3 describesthe
simulation and experimental methodology usedin our experiments. Section4 demonstrates
program waste and its assaiated energy costs. Section 5 describes speculation waste and
quarti es the costof speculative execution. Section6 presers architectural waste. Section7
shaws the e ect on energy consumption when the three sourcesof waste are removed. The
paper concludesin Section 8.
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2. Related Work

Previous architecture researt hasidentied many of the sourcesof wasteidenti ed in this
paper| thosepapersinclude both performanceoptimizations and power optimizations. In
this section we list both typesof previous researat.

Program waste occurs when instructions that are either dead or redundant consume
resourceswithin the processor. Prior works have studied particular types of unnecessary
instructions. Specic prior work has targeted dynamically dead instructions [3, 8], silert
stores[1, 2, 9], silent loads [1, 10, 11], silent register writes [8, 12, 13|, and predictably
redundart instructions [14, 15. Each of these works provides a technique for dynamically
identifying and predicting unnecessaryinstructions. Many of them only study the perfor-
mance gains, typically from eliminating execution of theseinstructions.

Rotenberg [16] provides a further analysisof unnecessaryinstruction chains by identify-
ing sequencesf instructions that are executedbut do not cortribute to program correctness.
That work analyzessequencdengths of unnecessaryinstructions and proposespredicting
sudch sequencesThe paper proposeseliminating the instruction sequence$rom the primary
thread of execution and verifying them by another execution cortext.

Program redundancy also exists in the form of instructions which operate on repetitive
operands. The work by Sadani et al. [17] is a comprehensie study into the repetition
of inputs and outputs of dynamic instruction instances. Our work presens the energy
impact of dynamic instructions with common inputs and static instructions with a small
set of input values. Sodani et al. [15] proposeinstruction reuse,a performanceoptimization
which eliminates execution of instructions with repetitiv e inputs.

Speculation waste occurs when instructions are fetched and executed after a mispre-
dicted branch. These instructions will evertually be ushed from the pipeline without
performing any useful computation. The number of instructions that do not commit is
signi cant in benchmarks that have many di cult to predict branches.

One approad to solving this problem is to improve the accuracy of branch predictors.
This has beenextensiwely studied. Work that attempts to minimize the energy e ects of
misspeculatedinstructions is much more limited. Pipeline gating [4] addresseghe problem
of misspeculation by keepinginstructions from continuing down the processormipeline once
a low-con dence branch has beenfetched. By limiting the number of instructions fetched
after an often mispredicted branch, the amourt of energywasted can be minimized. Bahar
et al. [18] presen a similar concept. Senget al. [19] demonstrate that multithreaded execu-
tion [20] consenesa signi cant amount of energy by relying lesson speculation to achieve
performance.

Suboptimal sizing of processorstructures exists when hardware structures are inap-
propriately sized, both statically and dynamically, for program behavior and the di erent
phasesof program behavior. One optimization targeted at this phenomenonis recon g-
urable cadhe structures [21, 22, 23, 24, 25. Another generaltechnique to reducethe power
consumption of cacesis to power down parts of the cade that are unused|[6, 26)].

Seweral papers have proposedtechniques for reducing the energy consumption of the
instruction issuelogic. A common approad to reducing the energy of the issuequeuehas
beento dynamically recon gure the issuewindow size [7, 27, 28, 29]. The authors note
that most instructions are issuedfrom the head of the issuequeue. They proposeparticular
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Benchmark Input Fast forward
(millions)
crafty crafty.in 1000
eon kajiy a 100
gcc 200.i 10
gzip input.program 50
parser ref.in 300
perlbmk perfect.pl 2000
twolf ref 2500
vortex lendianl.raw 2000
vpr route 1000
art c756hel.in 2000
equake inp.in 3000
galgel galgel.in 2600
gap ref.in 1000
mesa mesa.in 1000
mgrid mgrid.in 2000

Table 1: The bendmarks (integer and oating point) usedin this study, including inputs
and fast-forward distancesusedto bypassinitialization.

implementations of dynamically resizedissue queuesin order to gain power savings. In
contrast, other work resizesthe issuequeueon the basisof available parallelism [30, 31].

Another technique to lessenthe cost of suboptimal sizing is hierarchical designs. This
approad includes using deeper cade hierarchies [32], as well as hierarchical instruction
queues[33].

Other processorstructures for which the analysis framework we apply in this paper is
equally appropriate include the branch predictor, the functional units, and the register le.
Parikh et al. [34] study energyoptimizations for branch predictors. Other researt proposes
architecture-level optimizations for functional units [30, 35. Register le optimizations
include hierarchical register les [36].

3. Metho dology

Simulations for this researt are performed with the SMTSIM simulator [37], used exclu-
sively in single-threadmode. In that mode, it provides an accurate model of an out-of-order
processorexecuting the Alpha instruction set architecture. The simulator was modi ed to
include the Wattch 1.02 architecture level power model [3§].

The SPEC2000bendimarks are usedto evaluate the designs,compiled using the Digital
cc compiler with the -O3 level of optimization. All simulations execute for 300 million
committed instructions. The benchmarks are fast forwarded (emulated but not simulated)
a su cien t distance to bypassinitialization and startup code before measuredsimulation
begins. Additionally , the processorcachesand branch predictor are run through a warmup
period of 10 million cyclesbeforedata collection. Table 1 shows the benchmarks used, their
inputs, and the number of instructions fast forwarded. In all cases,the inputs are taken
from among the referenceinputs for those bendhmarks.
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Parameter Value
Fetch bandwidth 8 instructions per cycle
Functional Units 3 FP, 6 Int (4 load/store)
Instruction Queues | 64-ertry FP, 64-ertry Int

Inst Cache 64KB, 2-way, 64-byte lines
Data Cache 64KB, 2-way, 64-byte lines
L2 Cache (on-chip) | 1 MB, 4-way, 64-byte lines
Latency (to CPU) L2 18 cycles,
Memory 300 cycles
Pipeline depth 8 stages
Min branch penalty 6 cycles
Branch predictor 21264 predictor

Instruction Latency Based on Alpha 21164

Table 2: The processorcon guration modeled.

Details of the simulated processormodel are given in Table 2. The processormodel
simulated is that of an 8-fetch 8-stageout-of-order superscalarmicroprocessomwith 6 integer
functional units. The instruction and oating-p oint queuescortain 64 entries ead, except
when speci ed otherwise. The simulations model a processorwith instruction and data
cades, along with an on-chip secondarycade.

The potential energy savings from eliminating program waste will be largely indepen-
dent of the processormodel, becauseit scalesprimarily with instruction count. Waste due
to speculation and architectural waste will, to someextent, be particular to the proces-
sor modeled here; howewver, these results should scalein a qualitative way to a variety of
architectures.

For the experiments involving program waste, a trace of 300 million dynamic committed
instructions is captured. Dynamic instruction instancesare then markedin the trace if they
are determined to be unnecessarilyexecuted. Producersfor theseinstructions are also con-
sideredunnecessaryand marked if all their dependerts are either unnecessaryor producers
for unnecessaryinstructions. In order to capture the dependencechain of instructions, the
instruction trace is processedn reverseorder.

In order to model the e ect of removing the energy usageof dynamic instruction in-
stances,the trace is usedasinput during a secondsimulation run. Care wastakento ensure
that the sameinstructions are executedfor ead run of the simulator - this guaranteed that
only the e ects of the dead and redundart instructions were being measured. When an
instruction is marked as unnecessarywe emulate it in the simulator but do not charge the
processorfor the energy cost of any aspect of its execution.

Becausethis is a limit study, we do not make assumptionsabout, or chargethe processor
for, the techniques used to exploit the particular phenomenonwe study. For example,
one technique to avoid predictably redundant execution is instruction reuse. Instruction
reuse[15 would require energy for accessto a reusebu er, and would primarily save the
power used by the execution units. In our study, we do not accourt for the energy of the
additional processorstructures required; we only remove the energy cost of instructions. In
so doing, we do not limit the results to a particular architectural solution.
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4. Program W aste

Many instructions that are executed do not contribute to the useful work performed by
the program. Theseinstructions may include oneswhich produce values which will never
be used, those instructions which do not change processorstate in any way, or which
predictably change program state in the sameway. In this work, we quarntify the impact
of theseredundarnt instructions on the energy usageof a processor.We start by examining
those instructions that do not perform useful work (either produce dead values or do not
change program state), and study predictably redundant instructions in Section4.2.

4.1 Unnecessary Instructions

Instructions which do not do usefulwork for program execution are consideredunnecessary
We classify unnecessaryinstructions into a number of categories.

Dead instructions (dead in Figures 1 and 2) Instructions which produce dead values
are instructions where the destination register will not be read before being overwritten by
another instruction. In addition, store instructions are also considereddead if the memory
location written is overwritten beforebeing read by a load instruction. A dead instruction
can produce a value which is dead for every execution instance (statically dead, becauseof
poor instruction scheduling by a compiler) or for selectinstances (becauseof a particular
path taken through the code). In both cases,the instruction producing a dead value has
no e ect on program correctnessand we assumeit can be eliminated.

Silent stores (stores These are store operations where the value stored is the sameas
the value already at the addressbeing storedto. Prior researt hasshown techniqueswhich
identify theseinstructions and remove them from the instruction stream [1, 2]. Removing
silent stores from the dynamic instruction stream improves performance by reducing the
memorytrac generatedby theseinstructions. In this paper, we quartify the energye ects
of theseunnecessaryinstructions.

Silent loads (loads These are similar in nature to silert stores. Silent loads are load
instructions wherethe value beingloadedis the sameasthe value already in the destination
register. Again, these instructions have no e ect on program state and correctness,and
therefore can be removed without incorrect program execution. These are a special case
of the silent register instructions, but they are interesting as a sub-categorybecauseof the
high performanceand power cost of load operations.

Silent register operations Silert integer register operations (sir) are those integer in-
structions whoseresult is the sameasthe value already in the destination register. Similarly,
silent oating point operations (sfp) are those instructions where the resulting value is the
sameasthe destination oating point register.

Silent conditional moves (cmov) These are conditional moves where the condition is
not met and the move doesnot occur. Becausethe move is not performed, the instruction
is essetially a null operation and energy is wasted in the fetching and executing of these
instructions. This is the only support for predication in the Alpha ISA. An architecture
with richer support for predication, such asthe Intel 1A64, would have more opportunities
for removing this waste.
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Figure 1: Processorenergy waste due to unnecessaryinstructions.

The truly redundant operations are the silert register operations, silert loads, and silert
stores. The dead instructions and silent conditional moves are not redundant, but special
caseswhere their execution hasno e ect on the architectural state.

In addition to the unnecessarydynamic instructions, the producers of valuesconsumed
by thoseinstructions may alsobe unnecessary This is true aslong asthe producedvalueis
only usedby instructions already deemedto be unnecessary Sincewe seart the dynamic
trace in reverse order, this can be determined with a single passthrough the trace. In
following chains of unnecessaryinstructions, we only follow register dependencesand assume
that valuespassedthrough memory are useful.

4.1.1 Program Waste Results

Figure 1 shows the percertage of total processorenergy used for the execution of eadh
type of program waste. The results showvn represen the energy waste only due to those
instructions which are marked as unnecessaryand doesnot include the producersfor those
instructions. The data is shown for ead of the integerbencdimarks, the averageof the integer
benchmarks, eat of the oating point benchmarks, and the average of the oating point
bendmarks. The categoriesof unnecessaryinstructions are mutually exclusive except for
the dead category whereinstructions are marked regardlessof their type. The all category
represerts accourting for all typesof program waste.

For the integer benchmarks, the most signi cant sourcesof program energy waste are
due to dead (8.2%) and silert integer operations (7.4%). The eon bendimark wastesmore
energy with dead instructions (16.0%) than any other integer bendhmark. Removing the
energy costs of silent conditional operations provides little change (0.7% for the average).
For the averageof the integer bencdhmarks the total wasteis 20.6%.
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Figure 2: Processorenergy waste due to unnecessaryinstructions and their producers.

For the averageof the oating point bendimarks, most of the wasteis dueto silent loads,
silent integer, and silent oating point operations. Someof the oating point benchmarks
exhibit very little waste for silent oating point operations (art and gap); for the galgel
bendmark, this wasteis signi cant at 30.6%. As with the integer benchmarks, little energy
is wastedon silent conditional moves. The averagetotal program wastefor the oating point
bendimarks is 23.1%.

When including the instructions whoseonly cortribution isto producevaluesfor unnec-
essaryinstructions (Figure 2), the potential energy savings increasessigni cantly. For the
integer benchmarks, the chains of instructions leadingto dead and silert integer operations
are the leading sourcesof program waste. The wastedue to deadinstruction chainsis 14.1%
and the waste due to silert integer instruction chains is 18.8%.

For the oating point bencdmarks, silent oating point and silent store instruction
sequencesre the leading sourcesof energy waste. The galgel bendmark has an excep-
tionally large number of unnecessarysilent oating point instruction chains (77.4% energy
wasted). For these bendimarks, when courting the producer instructions for the silent
stores, the total energywaste is signi cant (24.1%). This demonstratesthat in the oating
point bencdhmarks there are long sequencesf instructions to compute a store value, and
often that store is silert. In fact, for both integer and oating point programs, the cate-
gory that gained (relatively) the most when including producing instructions wasthe silent
stores.

It should be noted that the sum of the di erent sourcesof program waste are not strictly
additive. Somemay be courted in two categories(e.g., an instruction that is both redundarnt
and dead). In fact, we seea high incidence of this e ect when we include the producers,
becausemany unnecessaryinstructions are also producers of other types of unnecessary



Ar chitecture-Level Power Optimiza tion { What are the Limits?

1.2

A
m

—e—int
—a—fp

o
<)

normalized total energy
o
(2]

o
~

0.2

ref 1 2 3 4 5 6 7 8 9 10
number of previous unique inputs

Figure 3: Averageenergyfor benchmarks when remaoving energy of instructions that have
sameinputs asoneof the last n unique setsof inputs seenby the sameinstruction.

instructions. We only court theseinstructions oncefor the all category The total can also
be more than additive, becausea producer instruction may produce a value which is then
consumedby multiple unnecessaryinstructions of dierent types, and is only considered
unnecessaryin the casethat we are consideringall its dependerts as unnecessaryand thus
only be courted in the all case.

These results indicate that the potential for energy savings is much more signi cant
when including the chains of instructions that together produce an unnecessaryvalue. The
actual instructions that produce the value represen only a fraction of the wasted energy
Considering all unnecessaryinstructions, the integer bendimarks waste 37.7% of total en-
ergy. The total for the oating point bencdhmarks is greater at 47.0%.

4.2 Predictable Instruction Redundancy

The previous sectionexaminedinstructions that had a particular type of redundancy{ they
wrote valuesthat were already in the destination location. Another type of redundancy
is instructions which repeatedly produce the samevalue, or operate on the same inputs.
These instructions are not strictly unnecessaryby our previous de nition becausethey
may still change program state; however, there is still potential to exploit this redundancy:.
There will be someoverlap betweenthis redundancy and the silert register operations, if
an instruction producesthe samevalue and there have beenno intervening writes to the
destination register.

Instructions may exhibit either output or input redundancy. We focus on input re-
dundancy rather than output redundancy becauseinstruction reuse(which detectsthat an
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Figure 4: Percertage of total energythat is wasted due to misspeculated instructions.

instruction is being executedwith the sameinputs as a prior instantiation [15]) has more
potential than value prediction to save power. Value prediction is a speculative technique
that requiresall predicted instructions be executedto ched the prediction. In this section,
we explore the potential for power savings when instructions displaying varying degreesof
input operand reuseare eliminated from the instruction stream.

Figure 3 graphsthe normalized total energywhen removing energy of instructions that
commonly seethe sameinputs as previous values. In this experimen, if an instruction has
the sameinputs as one of the last few unique setsof inputs seenby that sameinstruction,
then its energy cost is removed. The x-axis represerts the number of previous unique
input combinations that an instruction was compared against. Ref indicates the baseline
simulations where the energy costsof all instructions are counted. The graph shows that a
signi cant amourt of energycould be eliminated for instructions that exhibit this behavior.
When comparinginstructions only againstthe inputs of the last instruction instance, energy
was reduced by 27.5% for the integer and 24.2% for oating point bendimarks. When
comparing against the last two unique inputs, these numbers increaseto 32.6% for the
integer and 27.6%for the oating point bencdhmarks.

In a separateexperiment, we found that many instructions are actually or nearly stat-
ically redundant. For the integer bendhmarks, we found that 5.3% of total energyis con-
sumedby instructions which never seemore than one set of operands,and 9.4% s usedon
instructions which have only two di erent setsof inputs.

5. Speculation Waste

Speculative execution enableshigher performanceon modern processors.For high perfor-
mance, a long pipeline requires the prediction of branch outcomesand the execution of
subsequen instructions. In caseswhere branches are incorrectly predicted, the misspecu-
lated instructions are ushed from the pipeline and refetching occursdown the correct path.

10
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Figure 5. Potential cade energy savings with optimal cade sizing for the integer bend-
marks.

Although there is no program correctnesspenalty assaiated with executing misspeculated
instructions, there are energy costsassaiated with the instructions.

Figure 4 shows the e ect on processorenergy usageof misspeculation. In this experi-
ment, we simulate the bendimarks two times. In the rst simulation, we obtain the energy
results for all instructions entering the processorpipeline. In the secondset of simulations,
we only account for the energy of those instructions which are committed. The e ect of
the misspeculation is much more signi cant in the integer bendhmarks becauseof the in-
creasednumber of di cult to predict branches. For our bendimarks, there are on average
3.3times as many mispredicted branchesin the integer benchmarks asin the oating point
bendmarks.

In this work, we have not studied the energy e ects of other forms of speculative exe-
cution (e.g. load speculation [39] or value speculation [40]) which do not commonly exist
in real processors.We focus on control speculation asit will be an increasingly signi cant
portion of total energywaste as processorpipelinesincreasein length.

Although speculative execution results in the execution of uncommitted instructions,
speculation is necessaryto obtain high performance. Eliminating speculation is not prac-
tical, but controlling the level of speculation provides the potertial for e cient processor
design[4, 19].

6. Arc hitectural Waste

In this section, we study how the architectural designof a processorcan cortribute to the
energywasted during program execution. We de ne architectural wasteto occur when the
sizeof a processorstructure is not optimal for the current state of the particular application

11
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Figure 6: Potential cade energy savings with optimal cade sizing for the oating point
bendimarks.

currently executing. Suboptimal structure sizing occurs when a resourceon the processor
is larger (or in somecasessmaller) than it needsto be for a particular program.

The sizesof structures on a processorarchitecture are determined basedupon overall
performance requiremerts along with technological limitations. In this section, we study
how much energy is wasted becauseof suboptimal sizing for particular applications. This
knowledge is important in gauging the energy potential of architectures which propose
adaptive recon guration in order to reduce power consumption.

The structures we look at are the instruction and data cades, and the instruction
issuequeues. Theserepresen a subsetof all processorstructures that could be adaptively
sized, but do represen key structures which consumea signi cant amourt of power and are
typically sizedas large as possiblefor peak performance. Other memory-basedstructures
that could be studied in a similar mannerinclude the register le, TLBs, reorderbu er, and
the branch predictor. A study of optimal structure sizing providesinsight into the potential
energy savings to be gained given oracle knowledge of program behavior.

6.1 Cache Resizing

Becausedi erent programs have di erent memory behavior and accesspatterns, a cade
of xed size and con guration is not optimal for all programs, nor in many casesfor all
phasesof a single program. In caseswhere the processoris executing a tight loop, a large
instruction cadie is not necessary This is also true for the data cade if the memory
footprint of the application is very small. In theseinstancessmaller cadhes would provide
the sameperformance, but with lower energy requiremerts.

12
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Figure 7: E ect on instruction cade energywhen recon guring at di erent intervals.

In order to quartify the amount of energywasteddue to suboptimal cate sizes,we need
to model a cadhe that is of the perfect sizefor the application currently being executed. To
simulate the optimally sizedcade, we simulate a continuum of cache sizesand con gurations
(24 di erent instruction and 24 di erent data cades). The cade sizesrange from 2KB to
64KB with assciativities ranging from 1 way to 8 way. During ead cycle, we selectthe
smallest (lowest power) cade from among those (typically seweral) that hit on the most
accesses. To compute the energy savings, we compare the optimal results against our
baseline,a 64 KB 2-way cade.

In Figure 5, we shaw the results of this experiment for the integer bendimarks. The
results for the oating point bendimarks are shown in Figure 6. The data represerts the
fraction of cate energythat is wasteddue to a cade that is not of optimal sizeat the time
of access.The energy modeled represens the energy consumeddue to cade accessesand
no other e ects such asleakage.

The results shov potential energy reductions for the integer applications of 54.1% of
the total instruction cade power and 37.2% for the data cace. For the oating point
applications, the potential reduction is 55.7%for the instruction cade and 36.8% for the
data cade.

In addition, Figures 7 and 8 show results where the granularity of recon guration
is varied from ewery cycle to once every 50 cycles. When the granularity is larger than
one cycle, we select for that ertire interval the largest cade that was selectedover the
range. This could be pessimistic, as in somecasesthe best power might be achieved with
a smaller cache and a few more accessesllowed to proceedto the secondlevel cade, but
it is a de nition of optimal that is straightforward to compute. There is a slight dip in
the oating point results dueto a particular interval value that resonatesstrongly with the
timing of one particular bendmark (art ).

13
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Figure 8: E ect on data cade energywhen recon guring at di erent intervals.

Both the data and instruction cade have the potential for large savings via optimization
and adaptability. Most of the benchmarks put considerablylesspressureon the instruction
cade, and the results indicate large cadhes are lessnecessaryfor instructions.

These results indicate that recon guration must occur very often to get most of the
available benet. Howewer, that neednot discouragework in this area. Other paradigms
besideswvhole cache-lewel recon guration t into this category For example,techniquesthat
adapt individual cade lines (e.g., powering down lines unlikely to be accessedhgain [41])
potentially do recon gure the cade on a cycle-by-cycle basis.

6.2 Issue Queue Resizing

In an out-of-order processor,the size of the issuewindow greatly a ects performance. A
larger window size allows a processorto extract more parallelism from the code sequence
it is currently executing. More instructions can issue becauseof the increasednumber of
potentially available instructions. Although a large window is helpful, there are instances
where the instruction stream corntains much lessparallelism than the maximum processor
issuewidth. When this occurs, the larger issuequeuecannot be fully utilized. Additionally ,
the issueableinstructions are frequertly located in a small portion of the issue queue[7].
In this case,the wakeup logic and selectionlogic are much larger than necessary It is these
instancesfor which we consider an instruction queuedesignto be wasteful. This section
qguarti es that waste.

In order to measurethe waste due to oversized issue queues,we compare the energy
usedby a xed sizeissuequeueversusone that can be dynamically resized. We assume
that the dynamically resized queueis optimally resized every cycle. An optimally sized
gueueis one where the queue contains the fewest number of entries required to maintain
the sameperformance(that is, issuethe samenumber of instructions over that interval) as
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Figure 9: Potential for energy savings available for optimally sizedinstruction queues.

alarge xed sizequeue. In theseexperimerts, the xed sizeinstruction queuecortains 64
entries. The energyshown for the integer bendimarks is for only the integer queuebecause
of the small number of oating point instructions in thesebendimarks. The data shown for

the oating point bencdimarks is for the sum total energy of the integer and oating point

queues.

Figure 9 shaws the amount of instruction queueenergywaste comparedto an optimally
sizedqueue. The fraction of instruction queueenergywasted for the integer bendimarks is
34.8%o0n the average. For the oating point benchmarks, the waste is 43.0%.

The fraction of energy wasted by the instruction queueis signi cant and indicative
of the limited parallelism available. In another experiment, we found that the di erence
betweenrecon guring the queuesize every cycle versusevery 50 cyclesmakesonly a 15%
di erence in the amount of waste. This indicates the waste is more related to longer term
e ects sud asprogram phaseq30] rather than factors like memory latency, and coarse-grain
recon gurabilit y is still useful.

7. Removing Program, Speculation, Arc hitectural W aste

We now show the results of removing all three sourcesof waste: program waste, specula-
tion waste, and architectural waste. In these results, we run the simulations removing all

energy costsassaiated with all the instruction typesthat are consideredto be unnecessary
computation. In addition, all energy due to speculation and suboptimal structure sizing

are removed aswell. The predictable redundancy from Section 4, however, is not included

in theseresults.

Figure 10 shows the results for the integer and oating point bendimarks, respectively.
For the integer bencdhmarks, the overall energy waste rangesfrom 48.4%to 62.4%,with an
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Figure 10: Perceniage of total energy that is wasted due to all three sources: program
waste, speculation waste, and architectural waste.

averageof 55.2%. For the oating point bendimarks, the overall energysavings rangesfrom
33.7%to 83.3%,with an averageof 52.2%.

Theseresultsindicate that there are certainly signi cant gainsto be had for architecture-
level power optimizations. Howewer, it also shows that for a very wide classof these opti-
mizations, the total savings available are not huge. Order of magnitude decreasesn energy
are not going to comefrom exploiting wasted execution bandwidth and dynamic recon gu-
ration of convertional processors.They will needto comefrom more profound changesto
the way we architect processors.Note that our analysisof dynamic resizingis not complete,
aswe ignore somestructures that can be made adaptable. Howewer, the e ect of the other
structures is not going to dramatically changethe conclusion.

Interestingly, the total energy wasted for the integer and oating point bendimarks is
similar, but comesfrom di erent sources.For the integer bencdhmarks, speculation is much
more of a factor than for the oating point bendimarks. In both type of bendmarks,
the biggest cortributor was due to program waste. Regardlessof how much speculation is
removed from a processoror the sizing of processorstructures, the energy cost of executing
sequence®f unnecessaryinstructions is large.

The results reported here focus on whole-processorenergy The optimally sized struc-
tures, in particular, are limited to a small e ect becausethey only target one piece of the
architecture. For environments where power density is the largest power/energy concern,
these techniques can have a bigger impact if they speci cally target the right componert.
If these opportunities are exploited in ways that maintain performance, power clearly is
reducedas well.
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8. Conclusion

In this researd, we examine the limits of architecture-level power reduction on a modern
CPU architecture. We assumethat there are three opportunities to save energy{ avoid
unnecessarycomputation (unnecessaryspeculation or dead computation), avoid redundant
computation, and do not power architectural structures that are not needed (eliminate
architectural waste via optimal sizing of structures).

This paper quanti es the energylost to three sourcesof waste: program waste, specu-
lation waste, and architectural waste. We identify many typesof unnecessaryinstructions
and accourt for the energy cost of thoseinstructions, aswell asother instructions that only
producevaluesfor unnecessanyinstructions. In the benchmarks we studied, we demonstrate
that 37.7%o0f the energyusedin executingthe integer benchmarks is due to program waste.
For the oating point bendimarks, 47.0%of the energyis becauseof program waste. It also
shaws that to take full advantage of program waste requireseliminating both the redundant
instructions and their producers.

Speculation waste averagesover 15% for the integer bendimarks, but is much lower for
the oating point.

Architectural waste occurs when processorstructures are larger than required and can-
not be dynamically sized. An optimal instruction cade can consume55% lessenergythan
a 64KB instruction cade. Similarly, an optimal data cate can use 37% lessthan the
baseline64KB data cadie.

When all of these sourcesof waste are eliminated, the total energy of the processorhas
the potential to bereducedby just over a factor of two for both the integerand oating point
bendmarks. While this represetts a signi cant opportunity, it also indicates that radical
advancesin power and energy e ciency require more signi cant architectural changethan
the adaptive techniques characterized by this limit study.
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