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Quantifying and Enhancing Power Awareness of
VLS| Systems

Manish Bhardwaj, Rex Min, and Anantha P. Chandrakassmber, IEEE

Abstract—An increasingly important figure-of-merit of a VLS| For example, consider the user of a portable multimedia ter-
system is “power awareness,” which is its ability to scale power mjnal. At times, the user might want extremely high perfor-
consumption in response to changing operating conditions. These 4 ce (say, high video quality) at the cost of reduced battery

changes might be brought about by the time-varying nature of . . . . . .
inputs, desired output quality, or just environmental conditions. lifetime. At other times, the opposite might be true, i.e., the user

Regardless of whether they were engineered for being power Might want bare minimum perceptual quality in return for max-
aware, systems display variations in power consumption as imizing battery lifetime. Such tradeoffs can only be optimally
conditions change. This implies, by the definition above, that all realized if the system was designed in a power-aware manner.
systems are naturally power aware to some extent. However, one o yg|ated motivation for power awareness is that a well de-
would expect that some systems are “more” power aware than . . .

others. Equivalently, we should be able to re-engineer systemss'gned system mggracefullydegrade its quality and perfor-

to increase their power awareness. In this paper, we attempt to Mmance as the available energy resources are depleted [2]. Con-
quantitatively define power awareness and how such awarenesstinuing our video example, this implies that as the expendable
can be enhanced using aystematidechnique. We illustrate this energy decreases, the system should gracefully degrade video
technique by applying it to VLSI systems at several levels of ,5)ity (seen by the user as increased “blockiness,” for instance)

the system hierarchy—multipliers, register files, digital filters, . o g 1L -
dynamic voltage-scaled processors, and data-gathering wirelessnstead of exhibiting a “cliff-like,” all-or-none behavior (perfect

networks. It is seen that, as a result, the power awareness of video followed by no video) [2], [3].
these preceding systems can be significantly enhanced leading to While the view above argues for power awareness from a

increases in battery lifetimes in the range of 60-200%. user-centric and user-visible perspective, one can also moti-
Index Terms—Energy aware, low energy, low power, metrics, Vate this paradigm in more fundamental, system-oriented terms.
power aware, scalable. With burgeoning system complexity and the accompanying in-

crease in integration, there is more diversity in the operating
scenarios than ever before. Hence, design philosophies that as-
sume the system to be in the worst-case operating state most of
OW-POWER system design, assuming a worst-cagte time are prone to yield suboptimal results. In other words,
power dissipation scenario, is being supplanted by a mageen if there is little explicit user intervention, there is an imper-
comprehensive philosophy variously termed power-awargjve to track operational diversity and scale power consump-
energy-aware, or energy-quality scalable design [1]. The bagiin accordingly. This naturally leads to the concept of power
idea behind these essentially identical approaches is to allawareness. For instance, the embedded processor that decodes
the system power to scale with changing conditions and qualihe video stream in a portable multimedia terminal can dis-
requirements. play tremendous workload diversity depending on the temporal
There are two main views to motivating power-aware desigrrelation of the incoming video stream. Hence, even if the
and its emergence as an important paradigm. The first viewuserdoes not change quality criteria, the processor must exploit
to explain the importance of power awareness as a consequeah@operational diversity by scaling its power as the workload
of the increasing emphasis on making systems rsoatable changes.
In this context, making a system scalable refers to enabling theSince low energy and low power are intimately linked to
userto tradeoff system performance parameters as opposeghtver awareness, it is important and instructive to provide a
hard-wiring them. Scalability is an important figure-of-merifirst-cut delineation of these concepts even at this introductory
since it allows the end user to implement operational policstage. This is to convince the reader that power awareness as
which often varies significantly over the lifetime of the systema metric and a design drivetoes notdevolve to traditional
worst-case centric low-power/low-energy design. As prelimi-
nary evidence of this, consider the system architect faced with
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arbitrarily proficient in tracking operational diversity? How 30 ,
can wequantify the benefitef such proficiency? How can we
systematically enhandee system’s ability to scale its power?
What are theostsof achieving such enhancements?

In this paper, we attempt to formally answer these questiol
We initiate the process of formally understanding power awatr
ness by using a multiplier as a simple but pedagogic examg
This is followed by a more rigorous presentation of these co
cepts in the form of a metric which is shown to be fundamel
tally linked to the overall battery lifetime of a system (Sec
tion I1). Methods to enhance power awareness are discusse
Section lll. Section IV demonstrates the efficacy of the propos:
metric and enhancement techniques using register files, dig
filters, dynamic voltage scaling systems, and data-gathering n
works as examples. Section V summarizes the paper.
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A. Preliminaries Fig. 1. Multiplier energy as a function of input precision.

In this section, we develop the basic power-awareness for-
malisms using a simple system—a %6L6-bit array multiplier
[4]—as an example. This will allow us to elucidate the essen 1 v
of our arguments without getting bogged down by detail. — H, L

Consider a given systeii that performs a certain set of op- __H, -
erationsF’, while obeying a set of constraints. For the illus- 08| __ H, <
trative systemH would be the given implementation of a ¥6
16 bit array multiplier. While the set’ would ideally contain
all m-bit x n-bit multiplications, wheren, n € [1, 16], we re-
strict F' to be set of alln-bit x m-bit multiplications instead. A
We shall see the value of this restriction in the following discu: 50.4¢ i 1
sion. Finally, the constraint might be simply one of fixed latenc T L7
(i.e., H cannot take more than a given time to perfafin -7

Given this information, we ask: 0.21 P .

1) The Power-Awareness Questiortow well does the en- e
ergy of a systemé, scale with changing operating scenarios® 4t~

Note that we use energy and not power in the statementabc . _ Scenarios
because energy allows us to seamlessly include latency con-
straints later on. Next, observe that our understanding of powegr
awareness can only be as exact as our understanding of “oper-
ating scenarios.” As one might expect, these scenarios cansbenarid. Henceforth, we call these energgrsusscenario
characterized with arbitrarily high detail. For instance, in theurves ofH simply as the “energy curves” @i .
case of the multiplier, we can define the scenario by the pre-Fig. 1 shows the energy curve of our ¥616-bit array mul-
cision of the current multiplicands or the multiplicands thentiplier over 16 scenarios (which represent the precision of the
selves or even the current multiplicands andpheviousmulti-  multiplication). Note that the multiplier has a natural degree of
plicands, since the power dissipation is a function of those tqmower awareness even though it was not explicitly designed for
In the interests of simplicity, we choose to characterize the setibfThis is easy to understand since lower precision vectors lead
scenarioss by the precision of the multiplicands. Normally, thisto less switched capacitance than higher precision ones.
would need a two-tuple since there are two multiplicands. But, An energy-curve like the one in Fig. 1 is the first step to an-
by our choice ofF’, only one number (the precision of the twoswering the power-awareness question. However, at this stage,
multiplicands with identical bit widths) characterizes the scétis difficult to answer the “how well” in the question by looking
nario. HenceH can find itself in one of 16 scenarios. Henceat a system by itself. Hence, instead of a single energy curve, we
forth, we denote a scenario Byand the set of 16 scenarios bylook at a few curves together to get a better understanding of the
S. desirable properties of energy curves.

Having defined scenarios, we take the first step toward Fig. 2 plots the energy curves of three hypothetical systems
characterizing the power awarenesstbby tracing its energy Hi, Ho, andH3 executing a certain, identical set of scenarios. If
behavior as it moves from one scenario to another. For a 16-bit N

multiplier energy curves that we discuss in this paper were derived by

multiplier, we would do this by executing a large number q;xtensweblooo vectorsPowerMill simulations of multiplier SPICE netlists
different scenarios and measuring the energy consumed by eaehn.35:m process.
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2. Energy curves of three different hypothetical systems.
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we had to judge the power awareness of these systems from the
energy curves, we would intuitively classify; as the system
that is the mostinawareof the executing scenario. Such an un-
differentiated energy curve might be expected if, for instance
these systems were implementing multiplication d&hdwas

a 32-bit RISC processor (since the energy taken by the othe
parts would be so great that the actual precision of multiplica-
tion would have insignificant impact,, on the other hand,
definitely displays more energy differentiation thah and is
intuitively “more scalable.” Furthermore, since the energ¥ief

is strictly less tharH;, it seems unequivocally better. Similar
arguments can be applied while comparifig to H; and we
conclude thaf{; is more scalable thaH;. However, these in- Input
tuitive arguments break down when we try comparhhigwith

H,. On the one handH3 displays better scalability thaH».

On the other, its energy dissipation exceeds thatfgfover a

certain interval. For this reason, at this point in our develop-
ment, it is unclear whether we should pifk or H; as the more —
power-aware system. To help answer that question, it might hel Dedicated Point Systems
to think of the energy curve of thmostdesirable system, say
Herfect €Xecuting the same operations under the same con-
straints as the three systems discussed above. In a second 5tg; The perfect systenif;c:r...) can be viewed as an ensemble of point

we could potentially compare the curvesidf and H; to that of sysiems.

Hperrect to decide which is more power aware. It helps to state

the following. We denote the energy curve of the perfect systerb ysec: -

2) The Perfectly Power-Aware System (I system As defined above, the perfect system behaves as if it is com-
Hperiect 1S defined as the most power-aware system iff fqposed of dedicated point systems—one for each scenario. When
every scenario it¥, Hpe:fect CONsumes only as much energy a#f;,;recc has to execute a scenasg it routes the scenario to
its current scenario demands. the point systen¥,,. After H;, is done processing, the re-

It is clear from the above statement that we need to formabbylt is routed to the common system output. This abstraction of
capture the concept of “only as much energy as a scenario @5r.t.c; as anensemble of point systenssllustrated in Fig. 3.
mands.” To derive this energy for a given scenario, sgywe The task of identifying the scenario by looking at the data
consider constructing a systeH, that is designed to executeinput is carried out by thecenario determinindplock. Once
this and only this scenario. The reasoning is that we should nbis block has identified the scenario, it configures iexand
hope that a given systefh can ever consume lesser energy in de-muxblocks such that data is routed to, and results routed
scenario compared tH;, —adedicatedsystem which was spe- from, the point system that corresponds to the current scenario.
cially designed to executenly that scenario. We often refer toNote that if the energy costs of identifying the scenario, routing
the H,,s as “point” systems because of their focused construe-and from a point system and activating the right point system
tion to achieve low energy for a particular scenario (or poingre zero, then the energy consumptiontyf..r.c; will indeed
in the energy curve. Hence, in the context of power awarenelss,equal to that off. for every scenarig;. Since these costs
the energy consumed Wy, is, in a sense, the lower bound orare never zero in real systems, this implies tHat,s..: is an
the dissipation off while executing scenarig . The following abstraction and does not correspond to a physically realizable
generalizes this statement. system. Its function is to provide a nontrivial lower bound for

3) Bounds on Efficiency of Tracking ScenarioBhe energy the energy-curve.
consumed by a given systefh while executing a scenari@  To construct theE e, e curve for our 16-bit multiplier, we
cannot be lower than that consumed by a dedicated syitem emulated the ensemble of points construction outlined above.
constructed to execute only that scenasias efficiently as pos- The point systems in our example were 16 dedicated point mul-
sible. tipliers—1 x 1-bit, 2 x2-bit, .. ., 16 x 16-bit—corresponding

This leads to our next definition o e, fect.- to H,, to H,, .. When a pair of multiplicands with precisian

4) The Perfectly Power-Aware System (I[fhe perfect came by, we diverted them ;. (i.e., thei x i-bit multiplier).
system,Hpertect iS @s energy efficient af;; while executing  Since we are derivingpe; e, only the energy consumed by the
scenarios; (Vs; € 5). H, s was taken into account. TH&,.s..; curve thus derived is

plotted in Fig. 4, where the energy-curve of a singlex1@.6

2More formally, Hperoct iS the most power-aware system iff for every sce—ml“"t'p“er is repeated for comparison.
nario inS, Hpextect CONSUMes only as much energy as demanded by its currentNote thatE,.rect SCales extremely well with precision since
operation inF" executing in the current scenario under constrafitdn our  the scenarios are being executed on the best possible point sys-
multiplier example, we have chosen to constrictuch that it has a one—one . .
correspondence with' and, hence, it makes sense to talk about the “energy ?ms that we could construct. Before we indulge in a more de-
a scenario” executing of . tailed comparison of the two curves, it is essential to note that
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Fig. 4. Comparing the 16< 16 multiplier curve to the “perfect” curve Fig.5. The scenario efficiency or awarenegs ©f a 16 x 16 bit multiplier.
(Epertect) denoted byEp in the plot.

Epertect, really depends on the kind of “point” systems we allow O™ I_-|ence, we hav_e partially an_swered _the power-awareness
In the case of the multiplier, we allowed amy i-bit multi- guestion posed earlier. Thecurve is a partial answer because

plier. The set of point systems we allow is henceforth denot tdSt':;Stcf:CT.gtnhelp lésr’] rtizoglr?etrhe ?hre;glg?i“%nswgtg;zei;‘
by P. This set captures the resources available to enginee lon—gIv gy curv Wo sy f

power-aware system. Like the scenario and constraint sets' it tdteterr:nlvr:le rV\f[E'iCh of tht? tr\]/vc\Jle r:orz p;ov(\j/e\r/alware .n:t IS lear f
can be specified with increasing rigor and detail. This new fop]oe\l/vecr) :ereiessstr?;[edsisgllé th?atirze cSrvee €lop a measure 0
malism (P) has two key purposes. First, it gives a more fund& n ;

mental basis t& ... While itis not possible to talk about the Although there are infinitely many possibilities, we will de-
“best possible energy curve,” it is indeed possible to talk abo?ﬁ”be those that have a useful system-level meaning and can be

the “best possible energy curve for a specified Second P is practically employed by system architects: A definition that re-
also important when we discuss enhancing the power awarel{{e%%ts theta\é;kr)z_il%e—tcats@oy er-aware bhehawor of the system is
of H. In that contextP specifies exactly which building blocks 'S EXPectembility to track scenario changes

are available to us for such an enhancement.

To quantify how power aware our multiplier is, we plot the 5]
scenario efficiency ratio Z g
i=1
E(Hperfectv SZ) d)l - E[n] - |S| (2)

%= TR, ) 1)

- where| S| is the cardinality of ses andE[.] is the expectation
In Fig. 52 I .._operator and should not be confused with energy. The physical
. A.m value of unity '”d'c"?‘tes that the system “”(?'er consider terpretation ofs; is that if all scenarios were equally likely
tion is as power aware as it can be for that scenario. The SMayould track the scenario changes with an expected efficiency
then,; value, the worse th_e system’s awareness of SCeRario ¢ 1. For the 16x 16 multiplier, ¢ = 0.501.
In the case .Of the muI_t|pI|er, no'Fe _thﬁ traCkSHPe“eCt_ fairly Clearly, we can refine the definition @f to be more realistic
closgly for_h|gher precisions. Th'.s IS tobe expectgd sincex 16|f we had a sense of tHielihoodthat the system will reside in
16 bit multlph(.ar.wogld be very efficient for scenarios, where thg particular scenario rather than just assuming all scenarios to
operand.preu.s!on is close 10 16. For lower precision scenarig, uniformly likely. For instance, Fig. 6 charts the probability
H loses its ability to track as well 8 pesec: a‘?d_can d'SS'Pate that a multiplier will be in a certain precision scenario when it
up to two orders more energy th#,..s..;. This is a recurring is filtering a typical speech signal [5].
theme in system design. There are energy COSts to pay When ge ey the curve in Fig. 6 acenario-distributioncurve
single system&) is used_c_)ver diverse operating conditions an&enceforth, we us€ to denote scenario-distributions adgd
then curve above quantifies those costs. to denote the probability of occurrence of scenatjip We

can now factor ind to arrive at a more reasonable value of the

. ) - expectegpower awareness i
In the preceding section, we quantified the power awareness

of a system on a scenario-by-scenario basis using thec-

B. Defining Power Awareness

|51

3The notationE(H, s;) denotes the energy consumed by a systemvhile Pg = E(n) = Z n:d;. (3)
executing scenarie; . i—1
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Fig. 7. Theﬂpcrfcct system mimics the abstral,..c.ct System by using an
ensemble of 16 dedicated point multipliers and a zero-detection circuit as the
scenario detector.

For the case of the multiplier for the distribution above, this
turns out to be close to 0.42. by the systenH displaying a scenario distributiah Similarly,
While a scenario’s frequency of occurrence is a fair indicatthhe numerator is the expected energy dissipation of the perfect
of its importance, its not the only one. For instance, a scenasgstem. Since battery lifetime is inversely proportional to the
might have a low probability of occurrence, but whemldtes energy consumed) as defined by (5) represents the normal-
occur, the architectight wantthe system to track the changdzed battery lifetime of the systetd. For our 16-bit multiplier,
well. If we plug in this importancer), we arrive at a general- it turns out thatp = 0.57, which implies that in a speech fil-

Fig. 6. Typical multiplier usage pattern in speech filtering applications.

ized version of (3) tering application, this multiplier will have half the battery life-
15| time of a perfectly power-aware system. Note that in equating
Z md;m; ¢ to the expected normalized lifetime of the system, we ignore
¢ _ =l 4) second-order effects like the dependence of the battery capacity
d=m E ' on the discharge pattern [6].
Z d;m; Coming back to our original motivation—resolving which of
=1 H, or Hs is more power aware—we see that the question cannot

A very useful application of power awareness as defined by answered in the battery lifetime sense without specifying a
(4) is in predicting and enhancing battery lifetime of the systestenario distribution. We can unambiguously answer which of
H. In the context of maximizing battery lifetime, the impor-H, or H; is more efficientfor any specified..
tance,m;, of a scenario is simply the energy dissipated by that
scenario I1l. ENHANCING POWER AWARENESS

m; = E(H, s;). A. Motivation

Enhancing the power awareness of a system is composed of
‘two well-defined steps:

1) Engineering the best possible point systems.

Plugging in this definition of importance into (4) and simpli
fying using (1), we get

al 2) Engineering the desired system using the point systems
Z E(Hperfectv Sz) dz H : _
—~ constructed in step 1) such that power awareness is max
¢ == B imized.
In the context of a power-aware multiplier, the first task is
— understood easily. It involves engineeringx11, 2 x 2, ...,

) o 16 x 16-bit multipliers that are as efficient as possible while
= E(Normalized Battery Lifetimg () performing 1x 1, 2 x 2, ..., 16 x 16-bit multiplications re-

The interpretation above is important enough that we do ngpectively. The second task—that of engineering a sysgng
attach any subscript and considerthie default definition of point systems-is illustrated by the multiplier shown in Fig. 7.
power awareness. It is one of the most useful interpretations ofNote the overall similarity between this figure and the ab-
power awareness since it directly equates the metric t@xthe straction ofHpesec in Fig. 3. The ensemble of point systems
pected battery lifetime of the system normalized to the lifetimms used as an abstract concept in the context of explaining
of the perfect systenTo see why this is so, note that the de# ,etect’S €N€rgy curve. In the present context, however, we
nominator is a summation of the expected energy consumptiane illustrating anactual physical realizatiodflperfed) of a
per scenario and, hence, equal to the expected energy consusystem based on this concept. The basic idea is to detect the
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mapping of the four-point ensemble is not as simple as the
| one-one mapping, it is important to realize two things. First,

J . . .

: the energy dissipated by the extra gates needed for the slightly
E more involved mapping in the four-point ensemble is low

__ﬂ Zero Detection Cicruit

relative to that dissipated in the actual multiplication. Second,
16x16 —>Dx—> only four systems have to beformedof the mapping decision
compared to 16 earlier. This reduction further offsets the slight
i increase in scenario mapping.

It is not difficult to see the basic tradeoff at work here.

A 4

+

Increasing the number of point systems decreases the energy

14x14 DK R needed for the scenario execution |t_self but increases t_h_e
: energy needed to coordinate these point systems. Hence, it is

intuitively reasonable to assume the existence obptimal

} ensemble of point systems which strikes the right balance.

h<
v

lx
T

A 4

Motivated by this possibility, we can now pose the problem of
1x11  ——»PK—» enhancingoower awareness as follows.

A4

v

o B SRR Mo S S

A\ 4

i 1) Determining the Most Power-Aware System Practically
Realizable (I): Can we construct a systeffi,;imal aS an en-

| semble of point systems drawn frafhsuch that o ptimai IS UN-

9%9 ——aPG—> conditionally more power aware than any other such constructed
system?

It is not difficult to show that unconditional power awareness
only leads to partial ordering. Hence, the existence of a unique
Fig. 8. The four-paint ensemble multiplier system. H,pima1 @s defined above cannot be guaranteed. In other words,

while it is possible to presentsetof systems that are uncondi-
precision of the incoming operands using a zero detection dibnally more power aware than all other solutions, we cannot
cuit and then route them to the most suitable point system. dnarantee that this set will have only one member. In fact, this
the case off perrect, the matching is done trivially—multiplier last condition is highly unlikely to occur in practice—unless
operands which need a minimum precisiori bits are directed routing costs are very low or very high compared to scenario ex-
to a7 x 4-bit multiplier. Similarly, the output of the chosen mul-ecution costs (in which cases the optimal ensembles would be
tiplier is multiplexed to the system output. As we might expethe complete and single-point solutions, respectively). Hence, in
though, H,.c.1ec; has significant overheads. Even if we were tgeneral, it is futile to search for an “optimal” ensemble of point
ignore the area cost of having 16 point multipliers and focuystems that is unconditionally better than all other ensembles.
solely on the power awareness, the energy curvélgf... Thus, we set our ambitions lower and ask a slightly different
would not be the same &,..+... While the scenario executionquestion.
itself is the best possible, the energy costs of determining the2) Determining the Most Power-Aware System Practically
scenario (the zero detection circuit), routing the multiplicandgealizable (11): Can we construct a SysteM,pima1 @S an en-
to the right point system and routing the result to the systegemble of a point systems drawn frafhsuch thatH o ptimal IS
output (the output mux) may be nonnegligible. more power aware than any other such constructed system for a

A system that uses a less aggressive ensemble in an efipiécified scenaridyiven?
to reduce the energy overhead of assembling point systems iSince a specified scenario distributidg,.,, imposes a total
shown in Fig. 8. ordering on the power awareness of all possible subsets of the

The basic operation of this multiplier ensemble is the samgower-set ofP, it is easy to prove thexistenceof an optimal
The precision requirement of the incoming multiplicand pair isystem. Note that the proof based on total ordering is noncon-
determined by the zero detection circuitry. Unlike the previougructive—it only tells us that,,,ima1 €xists but doesn’t help
16-point ensemble, this four-point ensemble is not complete determine whatitis. This is unfortunate because a brute-force
and hence mapping scenarios to point systems is not one—gfe&rch of the optimal subset®f would require an exponential

y

\ 4

ik

A 2
=3
A\ 4

Rather, precision requirements ofthe following: number of operations ifP|—a strategy that takes unacceptably
1) <9 bits are routed to the 9-point multiplier; long even for modestly larg®.
2) 10, 11 bits are routed to the 11-point multiplier; To see if there are algorithms that can fiffdima1 in NON-
3) 12-14 bits are routed to the 14-point multiplier; exponential run-times we pose the problem more formally as
4) 15, 16 bits are routed to the 16-point multiplier. follows.

Similarly, the results are routed back from the activated mul-

tiplier to the system output. While scenarios are no longg. Formal Statement of the Power-Awareness Enhancement
executed on the best possible point systems (with the exceptggplem

of 16, 14, 11, and 9 bit multiplications), this ensemble has the

advantage that energy overheads of routing are significantlyGiven:

reduced oveﬁperfed. Also, while the scenario to point system 1) F": A system function to be realized.
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2) S: A set of scenarios characterized bgeenario basis 2) Problem: Determine a solution that minimizes the mea-
For example, the basis in our multiplier example was traure.
precision of the multiplicands. It seems likely that the problem of findingZ,ptima1 as

3) P: Asetof point systems available to realize Also, we stated above belongs to the class of NP-complete problems. In
denote the power-set d@? i.e., the set containing all the other words, we cannot hope to determine the construction of

subsets of? by P(P). Hopiimal In polynomial time [7]. The proof of NP-complete-
4) d: The scenario distribution ness and suitable approximation algorithms to fiigh,inal
&S — RT are beyond the scope of this paper. At this point, it suffices to
N _ say that we are currently working with heuristics to determine
that obeys the additional constraint H,pima1 @nd as the application examples in the next section
Z d(s;) =1 show, these heuristics yield good results. Finally, it is important
vy to note that the re-engineered system must not violate any

constraints that the original system was expected to obey unless
the constraints are relaxed explicitly for the sake of increasing
power awareness.

expected of a distribution functions.
5) e: The energy function

e SxP—RT.
In other words, for any given pais;, p;), e gives us the C- Reducing Area Costs Incurred in Enhancing Power

energy consumed when scenasjds executed on point AWareness

systemp;. For instance, the energy taken by & 44-bit Our focus in the preceding discussion was maximizing
multiplication is different on a 4-bit multiplier than, say,power awareness without regard to implementation costs like
a 9-bit multiplier. If the scenarie; cannot be executed area. While such an approach is acceptable for systems where
on the point system;, an infinite cost is assigned to thepower awareness must be increased at all costs, it might need to

pair? be reformulated for those with area constraints. In these latter
6) w: Theenergy overheadost function cases, the problem would be to find the most power-aware
w: P(P) — RT. ensemble for a specified distributiamhile obeying specified

area constraints If the area costs are significant enough,
Hence,w maps every subset éf to the sum of all energy j; js often beneficial to think of implementing an ensemble
spent in coordinating the points in the subset ensemblg, o4y rather thanspatially. For example, instead of a
(routing energy, determining the scenario, mapping theatial layout of four multipliers as illustrated earlier, we must

scenario, etc.). imagine a temporal layout of these four multipliers. In other

1) Form of the Solution: words, the same physical hardware is reconfigured to a 16,
1) An ensemble of point systemhse P(P). 14, 11, or 9-bit multiplier as desired. A possible solution is to
2) A correspondingnapping selectively shut off the parts of a 16-bit multiplier and make
g5 —h it behave like smaller multipliers. While such a solution may

) ) ) _ or may not save any energy in the case of multipliers (due to
i.e., g maps each scenario to a point systeminFor  the overhead of latches and the latch control network), it is an
instance, in the four-point multiplier example aboye, jmportant illustration of the fact that spatial mappings are not
would specify that scenarios 1-9 execute on the 9-bit Mighe only means to implement ensembles. In fact, our discussion
tiplier, 10, and 11 execute on the 11-bit multiplier and sgf power-aware processors in the next section is a real world
on. example of a system where a purelgmporal ensembles

Measure of the SolutionSince we are interested in theincrease power awareness significantly.

expected battery lifetime of a system, the measure of a propose¢ we reformulated the fithess measure of an ensemble to in-

solution—h, g—is the expected energy consumptidi(h) clude its silicon real-estate costs, we can expect that the optimal

given by ensemble might neither be totally temporal nor totally spatial,
] but a hybrid. Continuing our multiplier example, it might mean

E(h) = w(h) + Z e(si, g(s:)) d;. (6) that we end up with, say three, point multipliers, one or more

i=1 of which are reconfigurable to differing extents. To find such

Note that like all models, the one for energy above can |§& optimal, possibly hybrid, solution, we must extend the spa-
made increasingly more precise. For instance, the interconné@tformulation of the problem (as stated in the last section) in
energy will display some dependence on scenario distributiof¥® Ways. First, we must allow new point systems that corre-
Hence, thew function can takel as an argument and so onSPond to temporally reconfigurable ensembles. In the multiplier
However, we refrain from these refinements because our int&f@MPple, this means including point systems like & n-bit
here is to use a realistic but simple model to analyze the comultiplier that can be explicitly reconfigured as more efficient
plexity of finding a solution. 7o X To,T1 X T1, ..., Tk X ri-bit multiplier wherer; € [1, n].

Second, we must factor in the energy costeafporal reconfig-

“This has the nice property of preventing dnfeasibleensemble of point yration, In simple models, these costs could be factored into the

systems. For instance the ensemble {14-bit, 11-bit, 9-bit multiplier} is a subset . . . .
enario execution energy itself. Hence,dlfienction that maps

of P, butis an infeasible solution since 15- and 16-bit multiplications cannot 5 " .
executed on any of these point systems. (s;, p;) pairs to energy values would not only include the cost of
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executing scenarig; on point system,, but also the expected
energy cost of possibly reconfiguring to execute scenarig.
Finally, it is worth noting that although we motivated tem
poral and hybrid ensembles to reduce area costs, such enserr
might in factoutperformpurely spatial ones in power aware-
ness even if we allow unlimited area for both. In other word:
one should not expect area saving temporal ensembles to be :
ways inferior than the best possible, area-unconstrained spe .
ensemble. With some thought, this should not be surprising t = c
cause in moving from spatial to temporal ensemblesaug & I
mentour set of point systems, allowing temporal ensembles
larger solution space to pick from.

¥

i)
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10

Banchmark

[
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IV. PRACTICAL ILLUSTRATIONS OF ENHANCING POWER 5

AWARENESS Distinct Fogietars Accessed = 30

It is amply clear from the previous section that enhancing

power awareness by constructing ensembles of point systems o , - . .
fully chosen fron® is a aeneral techniaue that can be us Fig. 9. Distribution showing number of distinct registers accessed in a
Care_ ully ¢ - g q . : -instruction long window for the MIPS R3000 processor executing 20
not just for multipliers but other systems as well. In this sectiongnchmarks.
we shall illustrate how this ensemble idea can be applied to en-
hance the power awareness of multiported register files, digital : . . .
. powe P giste g 1) Function to be realized): A 2™-word x m-bit register
filters, a dynamic voltage scaled processor and wireless sensor” _. : .
file with » read ports and write ports.

networks. In each case, we express the problem in terms of th : . .
. ) Set of scenariosY): We use the number of registers ac-
framework we have developed above and characterize the power . . : i
.~ cessed in an instruction window of lengthto charac-
awareness of the system. Then we use an ensemble construction ; . L
o i terize scenarios. In pickingy one must remember that the
to enhance power awareness. It is interesting to note that these .
S . : longer the window, the larger the number of accessed reg-
applications cover not just spatial ensembles, but purely tem- . . . . .
. ! isters, leading to less differentiation. A smaller window
poral (processor example) and spatial-temporal hybrid ensem- . . .
bles (register files and adaptive digital filters) as well needs frequent scenario to point-system mapping changes
9 P 9 ' which has energy costs too. In this paper, we chdose

A. Power-Aware Register Files 60.. _ o
1) Motivation: Archi d VLS hnol d 3) Point systems availablé”?): We assume the availability
) Motivation: Architecture an technology trends ofl, 2,4, ..., 2" word x m-bit register files with- read

point in the direction of increasing energy budgets for register
files [8]. The key to enhancing the power awareness of register
files is the observation that over a typical window of operation,

a rr;llcrogr)]rocef]sor accessesa S”f],?“ g_lr_?]l_Jp |0f relg'Steer repeatgdly, ports, bit widths, etc.), our choice is reasonable and works
rather than the entire register file. This locality of access is | ., \when practically implemented.

demonstrated by the 20 benchmarks gomprising .the SF)EC924) Scenario distributionslf: The 20-register access profiles
suite that were run on a MIPS R3000 simulator (Fig. 9). More Fig. 9 are the scenario distributions

than 75% of the time, no more than 16 registers were accesse%) Eneréy function€) and overhead energ.yzl' All register

by the processor in a 60-instruction window. Equally important, file results were obtained by generating layouts using

;hse();e vaahs st_rongllocalgy frf(_)m wm_dow to r\]N mdogv.f More _thgm a custom-written program, extracting the layouts into
o of the time, less than five registers changed from window  gp|cg netlists, and simulating the netlistsHowerMill

o WmeV\.I' . . with test vectors. The register files themselves were im-
If we think of the number of registers the processor typically plemented using NAND-style row decoding in dynamic
needs over a certain instruction window as a scenario, the curves logic with precharged address decoding lines, and use
in Fig. 9 "’?”t? simply sceqa(rjlo dlStI’IbUtIOlr:jS. Whtetﬂ af.pl)rotcessor a standard cross-coupled inverter pair for static storage.
USEsn registers over.a window, we woulc want the file 10 be- The file that we use to illustrate power-aware engineering

have as if it were a register (i.e.,n word) file. This would is a 32 4 bit, 3 read, 2 write port file. We chose — 4

lead to a register file architecture, which is significantly more although asllong a’$n is ot unreaisonably large, it

power aware than one where the files always behaves as a, say, does not’ affect the results in any material way. Tr;is is

32-register file. Smaller files have lower costs of access because e the bit-line switched capacitance is essentially

the switched bit-line capacitance is lower. Hence, from a power independent ofn

awareness perspective, over any instruction window, we want to '

use a file that is as small as possible. 3) Results: A monolithic 32-word file has an awareness
2) Modeling the Problem:We model the problem of ¢ varying between 0.2 and 0.3 for the different distributions.

increasing the power awareness of register files using tbksing a (16,8,4,4) ensemble as shown in Fig. 10 we incrgase

terminology developed in Section IlI. to between 0.5 and 0.8 for the different distributions.

ports and write ports. Hence, the number of words is the
only degree of freedom allowed. While it is possible to
have more exotic point systems (different read and write
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2) Modeling the Problem:
1) Function to be realized):

|

Bank Select Logic !

L

Number of Taps

yln] = > hlk])z[n — E].

k=1

1

Bank-3 (16 registers) 4—>[>

We have chosen a 64-tap, 24-bit filter.

2) Set of scenarios S5): We use the basis
(Number of taps, Precision) to characterize the
operational state that the system is in. The precision
refers to both the data and coefficients.

3) Point systems available”]: We assume the availability
of all possible(Number of taps, Precision)} filters. We
pick distributed arithmetic (DA) filters as described in
[10] because they allow the energy to scale with both taps
and desired precision. A four-tap DA filter is shown in

Q—P Bank-2 (8 registers) <—>D

H Bank-1 (4 registers) ’<—>[>
H Bank-0 (4 registers) }4———»{>

Address Datay

S S ST
g .

Fig. 10. This (16,8,4,4) ensemble of four register files increases power

awareness by two times for tidg scenario distribution and about 2.5 times for Fig. 12. In each step, incoming and delayed data bits with
the d. distribution. the same weights are used to access a memory that has
precomputed combinations of coefficien{s.]. This pre-
240 ‘ ‘ : , ‘ } computed value is then either added to or subtracted from
—— E(32) a partially accumulated sugin]. The number of cycles
2207+ E(16,844) needed is the same as the precision of the multiplicands.
200k ] Thus, filters that have to manage precisions lower than
= the maximum can scale their voltages lower and still meet
%180’ ) deadlines. Hence, this filter architecture allows extremely
2160 . fine-grained control over energy dissipation and is highly
§ aware. The problem is that since it relies on lookups, it
<140 . L : :
g has to resort to partitioning and hybrid schemes to remain
120+ ] feasible as the number of taps grows [10].
o 100k | 4) Scenario distributions?j: We model the desired filtering
w quality using a synthetic distribution centered around a
801 1 (16-taps,8-bit scenario. Such a distribution might pre-
60- i vail, for instance, when the system is in the freeze mode
with a high line quality and/or low signal-to-noise ratio
405 5 10 15 20 25 30 35 (SNR) requirements.
Registers Accessed 5) Energy function ¢) and overhead energy costs)( We

parametrically model the filters described since the nature
Fig. 11. Energy curves of a monolithic 32-word file and the nonuniform of the DA architecture lends itself to a reasonably accu-
four-point ensemble (16,8,4,4).
rate energy model [5]. The energy curve that results from
_ _ . _ this model is shown in Fig. 14. Note that while energy
The energy curves of the single point solution (a 32-wordfile)  scales about linearly with the number of taps, it scales in
and the four-point (16,8,4,4) ensemble are plotted in Fig. 11.  a quadratic manner with precision. This is because lower
Interpreted in terms of lifetime increase, the nonuniform four- precision filters can scale their voltage.
point ensemble increases lifetime by between 2 and 2.5 timesy) Regyits: Before we illustrate suitable ensemble construc-

for the twenty distributions used. tions that enhance power awareness, it is instructive to look at
the energy characteristics of the perfect system. Fig. 15 plots the
product of scenario energy and scenario probability for the per-

1) Motivation: There are significant motivations for inves-fect system (which would be an ensemblesdfx 24 = 1536
tigating power-aware filters. As an example, consider the adgmint systems). The scenario energy—probability product curve
tive equalization filters that are ubiquitous in communicatiorshows the energy consumed as a function of scenarios. Note
ASICs. The filtering quality requirements depend strongly atihat although energy consumption around the (16-tap, 8-bit)
the channel conditions (line lengths, noise, and interferenceggenario is clearly prominent in Fig. 15, some high-precision
the state of the system (training, continuous adaptation, freekigh-tap scenarios also account for significant contributions to
etc.), the standard-dictated specifications and the quality of sdre overall energy consumed. This is easily understood because
vice (QoS) desired. All these considerations lead to tremendalthough they occur infrequently (as seen in the distribution plot
scenario diversity which a power-aware filtering system can eix-Fig. 13), they consume significant energy when they do occur
ploit [9]. (as seen in the energy plot in Fig. 14).

B. Power-Aware Filters
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Fig. 12. A four-tap distributed arithmetic (DA) filter architecture.

If we used a single, 64-tap, 16-bit filter (i.e., a one point en- Interestingly, our greedy heuristic revealed that if we include
semble), the resulting energy—probability product curve turfisur more points—(30,17), (43,23), (64,7), (43,13)—in the
out to be the one plotted in Fig. 16. A rough comparison @bove ensemble, we can increase the power awareness to 0.64.
the energies consumed by different scenarios in this system to
that in the perfect system shows that the former is significantty pPower-Aware Processors

nonoptimal. In fact, the power awarenessf the single point 1) Motivation: Having looked at three examples of power-

system is only 0.17. . : ) s
To find more optimal ensembles, we programmed aware subsystems (multipliers, register files and digital filters),

brute-force exhaustive search algorithm that could find the best llustrate power awareness at the next level .Of the system
. . . ierarchy—a power-aware processor that scales its energy with
four-point ensemble. Due to exponential timing requirements

) ) . o wbrkload. Unlike previous examples, however, this one illus-
it was retired beyond four points and a greedy heuristic us . .

. ) : rates how an ensemble can be realized jpueely temporal
instead. The optimal four-point ensemble turns out to be

((64, 24), (64, 15), (58, 20), (51, 10))5 as shown in Fig. 17. e’ than a spatial manner. -
Its energy—probability curve is plotted in Fig. 18. Note that It is well known that processor workloads can vary signifi-

although not quite optimal, it has a power awareness of 0.5cz?1ntly and it is highly desirable for the processor to scale its en-

which is over three times better than the single point ensemb?erzgy with the Work_load. A p.owerful technique that aIIow; such
power awareness is dynamic frequency and voltage scaling [11].

5(64, 24) stands for 64-tap, 24-bit precision, etc. The basic idea is to reduce energy in nonworst-case workloads
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2) Set of scenariosS): We use the workload [0, 1] as a
w107 basis (with 0 for no workload to 1 for a completely uti-
lized processor). Note that the workload requirement has
a one—one mapping to a frequency and voltage require-
ment.

3) Point systems availableP]: A point system in this
case would refer to the SA-1100 designed for a specific
workload. Since we are interested in achieving power
awareness through voltage scaling, this corresponds to a
SA-1100 with a dedicated voltage and frequency (which
are the minimum possible to achieve the workload).
Also, due to an infinite number of scenarios, there are in-

Taps finite number of point systems—one for every workload

y . between zero and one. Equivalently, in terms of voltages,
there are an infinite number of point systems between

=k -
=] en

n

Frobabelity ()

20 Precision (bits) zero andV52x, the latter being the highest voltage the
SA-1100 can run at, which also corresponds to its highest
Fig. 13. Probability distribution of anticipated filter quality. frequency and a workload of unity.

4) Scenario distributiond): We assume, for simplicity, that
all workloads are equally probable. As we see below, such
¥ 10 an assumption is pessimistic and in real applications, we
can expect to see even better numbers for power aware-
ness.
5) Energy function{) and energy overheadyj: The energy
dissipated by the SA-1100 was physically measured.

3) Results: We now analyze aactually constructed system
that recently demonstrated this power-awareness concept [12].
The overall setup is summarized in Fig. 19 adapted from [12].
The basic idea is that a power-aware operating systems)
running on the SA-1100 determines the current workload, scales
the frequency accordingly and then instructs a switched regu-
lator supply to scale the voltage accordingly. Again, the reader
] is referred to [12] for the details of the setup and the dynamic
voltage circuitry.

The DVS system usestamporal ensemblef 32-point sys-
tems with voltage levels almost uniformly distributed between
zero and’/};**. The energy-curves of a nonaware (fixed) voltage
by extending them to use all available time, rather than simplyStém and the implemented dynamic voltage system are plotted
computing everything at the maximum clock speed and th&hFi9- 20 o _
going into an idle or sleep state. This is because using all avail0r uniform workload distributions, power awareness im-
able time allows one to lower the frequency of the process@foves from 0.63 for a fixed voltage system to 1.0 for the
which, in turn, allows scaling down the voltage leading to sigfP!emented dynamic voltage system. Note that although the
nificant energy savings [11]-[13]. 2-point ensemk_JIe is by no means perfect,_|t was chos_en as a

In terms of the power-awareness framework that we have deference to define the power awareness (since the ratio of the
veloped, a scenario would be characterized by the worklo@PWer awareness of one system to the other is independent of
The point systems would be processors designed to mana heyperfect systel_’n)..Hen.ce, for uniform load distributions, DVS
specific workload. As the workload changes, we would ideallf2ds to battery lifetime increases of about 60%.
want the processor designed for the instantaneous workload to
execute it. It is clear that implementing such an ensemble spa- Power-Aware Data Gathering Wireless Networks

tially is meaningless and must be done temporally using a dy-1) Motivation: Increasing levels of integration and ad-
namic voltage scaling system. Before we look at such a systefanced low-power techniques are enablad) hog wireless
we state the problem more concisely. networks of microsensor nodes. Each node is composed of
2) Modeling the Problem: a sensor, analog preconditioning circuitry, A/D, processing
1) Function to be realized(): Any workload running on a elements (DSP, RISC, FPGA, etc.) and a radio link, all pow-
given processor. In this case, the processor we use is #red by a battery. Replacing high quality macrosensors with
Intel StrongArm SA-1100. The workload variation comesuch networks has several advantages—robustness and fault
from a variable tap filter running on the SA-1100 (thdolerance, autonomous operation for years, enhanced data
reader is referred to [12] for details of the actual setup)quality, and optimal cost performance [14], [15]. Such data

=
L

E{Peria

15
20 Fracision |Ds)

Fig. 14. The “perfect” energy curve for 64-tap, 24-bit DA-based filtering.
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Taps ot Pracision {bs)

Fig. 15. The perfecenergy—probabilitycurve for 64-tap, 24-bit DA-based filtering.

e

| 64-tap, 24-bit FIR

—> 64-tap, I5-bit FIR —»pK—»|

—> 58-tap, 20-bit FIR

> 5/-tap, ID-bit FIR [—>D—»]

X[n] ¥in] ¥

Fig. 17. This four-point ensemble of DA filters improves power awareness by
over three times over a single point system.

change roles even if the source does not move. This is to enable
Pracision M energy drain to be spread throughout the network which leads

- to increased lifetimes. An assignment of roles to nodes that
Fig. 16. The energy—probability curve for a single 64-tap, 24-bit DA-basd@ads to data gathering is termedeasible role assignment
filter. A data-gathering strategy aollaborative strategycan be

completely characterized by specifying a sequence of feasible

gathering networks are expected to find wide use in remdf@€ assignments and the time for which the assignment is
monitoring applications, intrusion detection, smart medicingUstained. _ _ _ _
etc. An illustrative data gathering network is shown in Fig. 21. A key challenge in unlocking the potential of data-gathering
The network is live as long as it can guarantee that any Souf&tworlfs is attaining long lifetime despite the severely energy
in region R will be sensed and the data relayed back to a fixe&@nstrained nature of the network. Fpr example, networks com-
base station. To accomplish this objective, different nod88S€d of ultra-compact nodes carrying less than 2 J of battery
take on different roles over the lifetime of the network as seensye aiso require feasible role assignments to be nonredundant, i.e., data from
in the figure. A noteworthy point is that nodes must oftea sensor should not be routed via multiple links.

Taps
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Fig. 18. The energy—probability curve for the four-point ensemble in Fig. 17. Note the similarity to the “perfect” curve in Fig. 15.
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Fig. 19. The dynamic voltage scaling (DVS) system used to enhance pov 0.3} g
awareness.

0.2 .
energy might be expected to last for five to ten years [16]. %[ ' ‘ ]
is possible to address these challenges by power-aware des o : . ‘ : :

. . ) 0 0.2 0.4 0.6 0.8 1
Data-gathering networks can be aware to the desired quality Workload

gathered data, to changing source behavior, to the changing state

of the network and, finally, to the environment in which theyig. 20. The energy curves of the fixed voltage and DVS system. Both curves
reside. In this section, we focus on this last aspect and tackfig® been normalized with respect to the maximum load case.

the problem of designing a power-aware data gathering net-

work that tracks changes in the environment to maximize eimthecomputation-to-communication energy rafi@r large ra-
ergy efficiency. It is well known that the transmit power can bgos or equivalently high computation costs, the network will
scaled with changing noise power to maintain the same SN#or unaggregated or raw sensor streams. Conversely, for low
and, hence, the same link performance. A more holistic amtios, i.e., high communication costs, aggregation will be fa-
proach is to view environmental variations as affecting changesred. Hence, the challenge in power-aware data gathering is
in the energy needed to process a bit (i.e., carry out some cdmeetermine and execute the collaborative strategy that assigns
putation on it) versus the energy needed to communicate itréles optimally for a specified computation to communication
power-aware network is then simply one that can track changaergy ratio.
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Fig. 21. A sensor network gathering data from a circularly observable source (denoted bgsading in the shaded regid®. Live nodes are denoted yand

dead ones by. The basestation is markésl In this example, we require that at least two nodes sense the source. When the souffgeris@és 1 and 7 assume

the role of sensors and nodes— 3 — 4 — 5 — 6 form the relay path for data from node 1 while nodes> 8 — 9 — 5 — 6 form the relay path for data

from node 7. Data might baggregatednto one stream at node 5. This is not the only feasible role assignment that allows the source to be sensed. For instance,
node 10 could act as the second sensor instead of nodelDand7 — 8 — 4 — 5 — 6 could form the corresponding relay path. Also, node 6 might aggregate

the data instead of node 5, etc. Finally, note how the sensor, aggregator and relay roles must change as the source fipt@$'{rom

2) Modeling the Problem: 18 : . : : .

—_

1) Function to be realized?): Gathering data from a speci- £ 16
fied point source using a specified network. The networ §
is specified by its topology (including the location of the fl,
base station) and the initial energy in the nodes. o 12

2) Set of scenariosS|): A scenario is characterized by the g10
ratio of computation to communication energy.

3) Point systems availablé’]: A point system simply cor-
responds to a collaborative strategy as defined above.

4) Scenario distributiond): We will analyze the power
awareness for uniform scenario distributions.

5) Energy function ) and energy overheadvj: The en-
ergy needed for communicating a bit is modeled usir
d" path-loss model as; + a2 d™ wheren is typically
between two to four [17]. The energy required to aggre <-4 .
gate two bits into one is denoted by. Nominal values of -30 -20 _1'0 6 1'0 2'0
a1, as andas are typically 150 nJ/bit, 10 pJ/bitﬁTand Computation:communication energy (dB, O=nominal)

50 nJ/bit [16]. The computation to communication energy
ratio is defined a$x3/042 because variations in channefig- 22. The energy curve of a power-aware data gathering network.
noise mainly mandate changes in the power dissipation

in the transmit amplifier. network and the lifetime recorded. The inverse of the lifetime

3) Results: To illustrate power-aware data gathering, wevas used as a measure of the average data-gathering power
simulated an eight-node network for a wide range of computdissipated in the network. Fig. 22 shows the variation in the
tion to communication ratios centered about the nominal ratidata-gathering power with changing scenarios. The impact
Specifically, the ratio was varied in steps of 3 dB starting withf adapting the data-gathering strategy to track the energy
30 dB below nominal and ending at 24 dB above nominal. Foatio is clear—the power-aware network displays close to
each ratio, the optimal collaborative strategy was determingsdo orders of dissipation diversity. Translated in terms of the

via linear programming. This strategy was executed by tlpegoposed power-awareness metric, the temporal ensemble

B,
o N & O ©

|
N

Average data gathering pow
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of collaborative strategies is 3.22 times more power aware[s]
than an unaware network for a uniform scenario distribution.
Rephrased, power-aware data-gathering can increase netwoig]
lifetime by more than three times compared to an unaware
network.

[71

(8]

V. CONCLUSION

9

In this paper, our objective was twofold: tguantify the []

increasingly important notion of power awareness of a VLSI

X . - 110]
system and having done that to propose a systematic technlqhe
to enhancehis quality.

The first step in quantifying the power awareness of a gener
system was to develop the notion of a perfectly power-awar
system Hperrect). The awareness of this system was shown
to be an upper bound on practically achievable power award!?2]
ness. In the next step, we proposed a power-awareness metric
whose physical interpretation is the expected battery lifetime of
a system normalized to the lifetime of the perfect system. [13]

Next, the problem of enhancing power awareness was treated
formally using the concept oénsembles of point systems [14]
We showed that constructing systems by intelligently puttin
together dedicated point systems could significantly enhange
power awareness. The basic factor that limited a monotonife]
increase in power awareness as more and more point systems
were put together was the increasingly amount of energy spept;
in coordinating these point systems. Hence, the problem of
finding an optimal subset of point systems that struck the
right balance was formally proposed. While it seems unlikely
that this optimal subset can be found using polynomial time
algorithms, greedy heuristics were seen to work reasonably
well.

The technique of ensemble construction was illustrated usi
five different applications—multipliers, register files, digital fil-
ters, dynamic voltage processors, and data-gathering netwo
Significant power-awareness improvements leading to syst
battery lifetime improvements in the range of 60% to 200% we
seen. i

It is our sincere hope that the power-awareness metric p="
posed here will be used to quantify this important aspect '_.
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