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Abstract—Power estimation for validation and sign-offis a crit-  requirements than those needed for early exploration, since ab-
ical step in the design process. In this phase, accuracy is a key re-solute, rather than relative power figures must be determined.
quirement, but there are hard constraints on the time that can be The implementation of the design is available in this phase, and
dedicated to power estimation. Moreover, it is important to esti- T . . !
mate the power dissipated by the system while running typical ap- the lack ofspe_cmcatlon is not anissue: accurate power estimates
plications, i.e., extremely long streams of validation patterns pro- for gate or switch-level descriptions can then be obtained.
vided by the designer. The literature on power estimation for design validation is

The power dissipated by digital systems under realistic input extensive. Most techniques target the estimation oftlerage
stimuli is not accurately described by a single average value, but power dissipationa scalar quantity that compactly represents

by a waveform that shows how power consumption varies over th fi | iod of i A di
time as the system responds to the inputs. In this paper, we face the € Power consumpton overa ong period ol time. According

problem of obtaining accurate power waveforms for combinational t0 Najm [2], gate and switch-level average power estimation
and sequential circuits under typical usage patterns. We propose a methods belong to two main categorieBrobabilistic (or
multilevel simulation engine that achieves high accuracy in esti- Statig and Statistical(or Dynamig. The distinctive feature of
mating the time-domain power waveform, as well as the average ropapilistic techniques is that they do not require the explicit
power with high computational efficiency. - . . .
generation of the input streams to be simulated; rather, they
~ Index Terms—Design automation, digital circuits, power estima-  directly propagate through the circuit user-specified input
tion, simulation. probabilities and correlations to estimate the circuit’s internal
activity. Statistical techniques require to explicitly simulate
|. INTRODUCTION typical input streams, which are usually randomly generated
under some user-provided constraints concerning the switching
robabilities of the circuit inputs. To obtain trustworthy power

. Etimates, very long streams are needed; therefore, statistical
neers. In the early phases of the design process, a large nu

f solutionsi lored and evaluated. Estimation techni fhods are very time consuming.
ofsolutions IS explored and evajuated. Estimation techniques fof, many practical cases, streams of patterns representing typ-

Qesign gxploration operate on incomplete or partially spec_ifi%jal usage of the circuit are available (or can be produced with a
information _and must b_e fast because they are usua_llly app“eqé?atively low effort by the designer). Such streams are usually
severa_\l c_:le3|gn alterr_1at|ves [1]. Clearly, these requirements 'Py long; therefore, accurate power simulation is inherently
be satisfied at the price .Of a redgced accuracy, that can he to bw and extremely expensive from the computational stand-
at?dt.as long azlesym?tmn ]E)rowdest.rehablt(.e information on t Bint. For this reason, a lot of recent research has focussed on the
relative power disstpation of competing options. development of techniques that limit the effort required to carry

In this paper, we focus on another aspect of the power estlr%%—t an accurate estimation of the average power dissipated by a

tion problem. After architectural exploration, design decisio reuit

are taken, th(? SVSteT“ Is partit_ioned, and ihe specification for_ "We tackle the problem of reducing the simulation time from
components Is detgﬂed. In. this phase, power budgets are 9l ovel point of view. It has been demonstrated in a number of
and power constraints are mferred. AS 00N as NEW COMPON&Ilige [3]-[5] that average power does not fully characterize the
are designed (and synthesized), their power dissipation is e

. L o wer dissipation of real-life circuits. Different levels of con-
uated and checked against the initial specification. Power e 'i'.l'mption are in fact observed depending on the state of opera-
mation in this step must obey to much more stringent accurg

f¥n of the system. This is particularly true for systems that adopt
dynamic power management [6], [7]. In these situationsna-
dependent power wavefortimat can track sudden variations of
Manuscript recelve_d February 5, 19_98; reV|§ed November_ 24, 1999. Tgi‘éwer consumption over time can Clearly provide much more
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the selection of the sample can be perforroadine while the The tool has been benchmarked on example circuits taken
high-level simulation is carried on. from the Iscas’85 [11] and Iscas’89 [12] suites, as well as on a
From the user point of view, a fast cycle-based simulatiggrogrammable digital filter. Given a circuit and an input stream,
is performed on the complete input stream. During simulatiowe have compared the average power value calculated using our
our tool monitors arindicator functionwhich provides infor- technique to that obtained by switch-level simulation [13] of the
mation on the variations of the input stream and power disgntire stream. Results are satisfactory, the average error being
pation. Accurate power simulation is automatically dispatchdxklow 2% for the combinational examples and below 6% for the
when needed for tracking the changes in the “local” mean valasequential circuits. Moreover, the estimated power waveforms
of the input stream. At the end of the cycle-based simulatiomatch closely the actual ones. Concerning the average simula-
data on the time-varying power consumption of the system aren speed-up, it is around 50X for the combinational bench-
available at the price of a modest time overhead (due to the atarks and around 20X for the sequential examples.
curate simulation performed on a small fraction of the stream).The rest of the manuscript is organized as follows. Section Il
The tool automatically constructs the time-domain power wavehows how theip—down staircase avage behavior of a cir-
form and computes its average. cuit can be tracked using an indicator function, and introduces a
The indicator function does not necessarily depend on the et of such functions that can be fruitfully used for constructing
mary inputs only. As long as the internal state of the systemaspower waveform. In Section Ill, we describe the multilevel
available during cycle-based simulation, its value can be taksimulation approach and we show how the indicator function is
into account as well. The same holds for the system outputised to trigger the accurate power simulation engine. In Sec-
In general, any information available during cycle-based sirtien IV, we present interpolation schemes for the extraction of
ulation can be exploited for constructing an indicator functiothe complete power waveform. Experimental results are pro-
Obviously, there is a tradeoff between the accuracy of such fuided in Section V. Section VI concludes the paper.
tion and the overhead it imposes on cycle-based simulation.
Our method is practical only if it guarantees thHat+ 73,9 + Il. TIME-DEPENDENTPOWER WAVEFORMS
Teample < Thow, Wherel?, is the time spent in fast cycle-based . )
simulation,Z,,.q is the overhead for the computation of the indif Staircase Awage Behavior
cator functionZ;..p1e is the time required to perform accurate Consider a measurable properfy(7°) of a circuit that
power simulation on the sample, aiij. is the time required changes over time (in our case, power is the property of
to perform accurate power simulation on the entire input streamterest). We assume discretized time. A time quantum is
Two recently proposed techniques have close relationshipcalled cycle The property has anp—down staircase avage
ours. The power ratio method [8] is based on multilevel sinbehavior,staircasefor brevity, over time when its running (or
ulation. It assumes that the power estimatg, provided by sliding) average taken over a window &Ff cycles, Py (7)),
high-level fast power simulation is proportional to the powethanges in a nonmonotonic fashion, with long plateaus where
dissipation?,. estimated with accurate simulation. In symbolsPx (T') is approximately constant, mixed with regions where it
P,.. = P - K. The unknown proportionality constart;,, is changes rapidly. Fig. 1(a) shows the diagram of a time-varying
simply obtained by computing botR,.. and P, for a small propertyP(T") with staircase behavior, and Fig. 1(b) shows the
subset of the complete input stream, and by subsequently takitimgram of Py (7). The value ofN (the averaging length) is
their ratio. Unfortunately, for deterministic, designer-supplieshown as well. Notice thaPx (T’) is not defined for the first
input streamsk is usually far from being constant; in theseV time points.
cases, the method is no longer applicable and may lead to inacextensive experimentation [14], [15] has shown that, when
curate estimates. the input streams are randomly generated and composed of uni-
Stratified random sampling [9], though developed as an dbrmly distributed, uncorrelated patterns, the power dissipation
ternative to Monte Carlo methods [10], has some similarities tlmes not have a staircase behavior. On the other hand, the mea-
the technique we propose in this paper. In fact, it generally redred short-term average power dissipation of many real-life cir-
quires only a small number of accurate simulations to achieeaits has a staircase behavior [3]-[5], [7]. The key observation
power estimates which are acceptable and, as for our methods that such behavior appears to be induced by the input streams
exploits a high-level power estimator to direct the choice of thehich are processed by the circuits in typical operating condi-
patterns that will be simulated with high accuracy. In the fortions. This is certainly the case for power-manageable circuits,
it has been presented, however, stratified random sampling tahere the value of some inputs determines the mode of opera-
gets the estimation of average power of input streams for whitthn and, consequently, the power consumption level [6], [7].
some statistical constraints, such as error and confidence levelDur target is to accurately estimate the power dissipation in-
are given; in addition, its applicability to the construction ofluced in a circuit by realistic input streams, which are not uni-
time-dependent power waveforms has not yet been investigatedmly distributed, nor uncorrelated. This is a challenging task,
Finally, its effectiveness has been demonstrated only for combecause it requires a difficult tradeoff choice. The number of
national circuits. On the contrary, our approach works for purebamples/V, taken to compute the running average is the key pa-
deterministic input streams, it can provide the user with inforameter for achieving the desired accuracy. If we choose an ex-
mation on the average power values, as well as the changeseadsively largeV, we loose accuracy in the estimation of the av-
power dissipation over time, and it properly and accurately haerage power waveform®y (T'). The largerN, the morePn (7T)
dles sequential circuits. resembles to a constant. On the other hand, ii§ too short, the
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Fig. 1. Waveforms for (aP(T") and (b)Pn(T).
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tion between power dissipation in a combinational logic circuit
and the switching activity at its inputs and outputs. A similar
conclusion was reached in [17], [18], where input and output
switching activities were represented déytropyvalues.

The basic claim in [16] is that power dissipation can be pre-
dicted with reasonable accuracy by computing a function of
input/output (1/0) switching. In symbols
Pt = f (it et i @t

n n+1 n
oy bo; " ,...,0

o, ®ontt) (D)
where P"t! is the power dissipated during cycle numbes-
1, ¢} and i;j*l are, respectively, the values of inpktat the
beginning of cycles, andn + 1, o} ando}frl are, respectively,
the output values at the end of cycleandn + 1. The function
f is a general (possibly nonlinear) mappifig B™it% — R.

The choice of the sampling points for the indicator function
is based on a similar assumption. We propose four different cri-

teria, listed below in order of increasing accuracy and computa-

tional overhead.

noise in the estimation of the average power will be too large
(because of the effect of pattern dependency) and accuracy will”
be compromised as well.

Power estimation in the staircase situation is further compli-
cated by computational issues. As explained in the introduction,
we cannot afford to simulate entire input streams with an accu-
rate power simulator. Therefore, we exploit information avail-
able during fast high-level simulation (hereafter callex/el 1
for brevity) to reduce the number of slow, accurate low-level
simulations (hereafter calledevel 2 needed to estimate the
power. Differently from the existing techniques, this informa-
tion is used to estimate how power changes over time when the
given input stream is applied at the circuit inputs.

B. The Indicator Function

We callindicator functionthe Level 1 information exploited
to track the variations in switching activity of the input stream.
The basic requirement for the indicator function is that it must .
change over time, and its changes should be related to the vari-
ations of the power dissipation. Notice that this is a milder re-
quirement than proportionality (as requested by the power ratio
method).

We propose alternative indicator functions based on sampling
the (zero-delay) switching activity and the value of the nodes in
Level 1 simulation. The sampling point selection process allows
us to: .

« tradeoff accuracy for computational overhead (increasing
the number of sampling points increases the overhead in
Level 1 simulation);

 exploit designer knowledge, if possible, to select specific
nodes that should be sampled to increase the accuracy of
the indicator.

We focus on indicator functions that do not require any de-
signer intervention in the choice of the sampling points. Our
target is to build a fully automated procedure for power esti-
mation that can be applied successfully even without complete
understanding of the design functionality and hardware archi-
tecture. In [16], it was observed that there exists strong correla-

Sampling only the primary inputs. The main limitation of
this criterion is that it does not consider any information on
how input switching propagates through the logic. More-
over, for sequential circuits, the effect of internal state on
power dissipation is not taken into account. On the other
hand, this criterion has minimum overhead. Indeed, Level
1 simulation is not even needed, and analysis of the input
stream is sufficient to extract the required information.

e Sampling primary inputs and outputs. This criterion in-

creases the information on internal switching, since the
end effect of the input propagation is sampled. Again, this
criterion is targeted towards combinational circuits, since
it does not account for internal state. Compared to the pre-
vious one, this choice of sampling points has higher over-
head: the number of sampling points increases and, more
importantly, Level 1 simulation must be executed for com-
puting the correct output values.

Sampling primary inputs and outputs, as well as the in-
puts and outputs of the flip-flops. This is the full cycle
boundary information that is usually available in Level 1
simulation (which is cycle accurate). This criterion has
higher overhead than the first two (the number of sam-
pling points is greatly increased), but it is well suited for
dealing with sequential circuits, because the internal state
is exposed.

Estimating the full zero-delay activity (as in the power
ratio method and in stratified random sampling), in-
cluding internal nodes in the combinational logic. This
criterion has high overhead, because it prevents fast
compiled cycle-based simulation (at Level 1) to “compile
away” internal nodes. Moreover, it is not possible to
perform Level 1 simulation at a level of abstraction higher
than the logic level, because the values of the internal
nodes cannot be sampled (they may not be instantiated).
Although zero-delay simulation is still much faster than
full-delay event-driven simulation (or switch-level sim-
ulation), it may be more than one order of magnitude
slower than compiled, cycle-based simulation.
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The computation of the indicator function requires not onlyhe purpose of the staircase test is to decide, based on the
the choice of the sampling points, but also the specification dfianges over time of (7), when to fire Level 2 simulation.
how the sampled information should be used to compute a m&#henever the staircase test triggers, the input and state values
sure that tracks the temporal variations of the average poware extracted from Level 1 information and used to set the
The main problem is that power is strongly pattern dependeiritial state for Level 2 simulation (this step is essential when
its value can change widely in successive clock cycles. Momealing with sequential circuits). After that, the multilevel
over, we are not interested in tracking the pattern-by-pattesimulation can proceed in lock-step.
variations of power but, rather, the variations of the short-term Level 2 simulation continues untilstopping criterionis sat-
average power. For these reasons, the indicator function mustigfied. Such criterion decides when sufficient accurate power
clude a short-term time averaging operation. The simplest oda&ta have been collected to obtain a reliable short-term average
is then the number of switching events averaged over a tipewer estimatd,,,(T) (notice thatP,, is a function of time).

window of sizeN,, The valueP,,.(T') is a point in the average power waveform.
T is conventionally set to the value assumed in the last cycle of
ZT D + Level 2 simulation.
I(T) = &= Ne &S Pi ) At the end of the simulation, alV,.; patterns have been sim-

Ne ulated at Level 1, but onlyVsample Patterns have been simulated

at Level 2. Typically,Nsample < Nioi. The end result is a set

whereS is the set of sampling pointg! are Boolean variables
of values

that have value 1 when the sampling paistwitches between
cyclet — 1 andt (pt = it=! @ 4t).

The choice of/N.. in (2) is critical. It should be long enough
to smooth out fluctuations due to single-pattern dependence, blﬁtereTl < --- < T,. The power value®,,,(T;) and the times

it should be short enough to capture the staircase behavior. The
issue of how to seleaV,. will be discussed in Section IIl.  are a set of samples of the average powaveformof the

circuit.

hEcluta'uon (2) defines thg |nd|catoart‘;1;i a fun_ct(ljon.of t“?e' The The definition of the estimation strategy is completed by ad-
short-term average can be seen adiding window at time dressing the following open issues.

T, we considerN, sets of values of the sampling points, one - .
for each simulation cycle from tim#& — N, to . The sliding » How to measure the efficiency and accuracy of multilevel
window average is well suited to estimate variations over time, S|mulat|opl. he lenatly. of the sliding wind
because it evolves in parallel with the advancement of the global * How to ¢ gozeft eleng é % the sliding window av-
simulation time. This is in sharp contrast with stratified random erage nee eh or clomp;;ltl g ).d ide when firi
sampling, where samples can be selected and averaged together How to use the value (T) to ecide when finng ac-
in any order, without any constraint on temporal adjacency. c_ur_ate 5|mulaf[|qr_1 to track the §ta|rcase behavior (i.e., pro-

The simple time-averaged sum of switching events of (2) can viding the definition of the sta|rcas_e test).. L

» How long to run accurate power simulation every time it

be replaced by more complex indicator functions. The one we | d by th . ) iding th
use computes the weighted sum of switching events averaged 1S Started by the staircase testh’) (i.e., providing the
over the window of sizeV. definition of the stopping criterion).

7):{Pavg(Tl)""’Pavg(TG)} (4)

T . A. Efficiency and Accuracy Metrics
_ Zt:T—NC Dics Wip;

1) 5

() The performance of the multilevel scheme is measured by
the speed-up achieved with respect to accurate simulation of the
entire input stream, because this is the only known way to extract
mplete power information of systems whose power holds a

gircase behavior. The speed-up is defined by

In this casep! of (3) is replaced byw; pt. The weightsw; rep-
resent the relative influence of the switching of sampling poiﬁ
1, and can be user-specified. As a default, they are all set to

value 1; therefore, (3) reduces to the standard time-average sum T,
. . SP — pOW 5
of switching events. ToF Tt + T (5)
Il. M ULTILEVEL POWER SIMULATION wherel;,., is the time needed to simulate the circuit 8y

_ _ _ . _ cycles at Level 27’ is the time for simulatingV;.; cycles at
_The multilevel simulation engine we propose is conceptuallfevel 1,7}, is the time overhead caused by the calculation of
simple. Given a long stream V.. input patterns, together poth the indicator function and the staircase tests ange is

with a high-level and a low-level description of the circuit undeghe time required to simulat¥,,..,, cycles at Level 2 during
analysis, the Level 1 simulation is started, whose tasks are tigitilevel simulation.

following: The accuracy of the multilevel scheme can be measured by
1) monitoring the sampling points required for the compwomparing the average poweF,,., obtained by simulating
tation of the indicator function; the complete input stream at Level 2 with the estimﬁgg,
2) computing the indicator functiof(T); obtained by averaging the power sampls.(T;). Clearly,

3) performing thestaircase teson I(T). the latter must be weighted with ttiration of the samples:
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Pgst = 3.7 miPayg(T;). The duration; of P, (T;) is a staircase behavior and tends to converge to a constant value.
defined as We conjecture that the same holds for the indicator functions.
Before starting the multilevel simulation on the input stream,
L -1 A . ) L
L=t (6) we perform a calibration Level 1 simulation with independent,
NiotLen: uncorrelated input patterns. The simulation is run until conver-

whereT,y is the clock period of the simulator. The weighte ence is reached on the average valuk éssume that the cali-

average is needed because our technique extracts new p onIS|P1uIat|o? conve(;gzs;MMI cycles.Ny, is thetnglmber
samples only when the staircase behavior is detected, i.e., wRgpimuiation cycles needed for convergence on a stable average

we are moving from one plateau to another. If the average povy u(;e (%fr.]f_wheln th_e |r_1pu_tf_pattfzfrns are mdependebnt and ur_ltco_rre-
remains on a plateau for a long time, only one power sample ed. This value Is significant for our purposes, because It gives

s?mformauon on the number of cycles needed to smooth out
0

extracted, but it represents the average power dissipation df _
nly the power variations due to strong pattern dependence. The

very long time interval. librati imulati " ¢ te the effects. Duri
Although accurate average power estimation over the entff@oration simuiation allows us to separate the efiects. buring
libration, the power does not have a staircase behavior, but it

input stream is a minimum requirement, error on the avera @'1o
power estimation is not a reliable measure of the accuracy fStIII strongly pattern dependent. .

our method in tracking the power waveform. Thus, we need The number of cycles for short-term averagg, is chosen
to define a tighter error metric. Observed thags;(7") and to be
P..,+(T) are both time-dependent functions (i.e., waveforms),

a good metric for estimating the “similarity” of two func-
tions over an interval is theoot-mean-square relative error

(RMSRE. In our discrete-time setting, RMSRE is defined as Where0 < k < 1. Whenk = 1, we have zigh inertia /(7).
Whenk < 1, we may be able to track fast step-wise variations,

3 but we may sometimes take a simple fluctuation due to strong
\/ Z (Pé’i&(T) - Pavg(T)) () pattern dependency at the beginning (the end) of a step. The
TE[Ne, Neot] choice depends on the target of the power estimation process.
) . ) If we are mainly interested in obtaining a single average power
whereP,, without time dependency is the total average powgfa|ye with maximum efficiencyk should be chosen close to
One difficulty in estltmatmg RMSRE lies in the fact that oufyne On the contrary, if we need great accuracy on the estimate
method compute#7(7') only in a small subset of the entiret 1he average power value, or we want to finely sample the
interval, namely the sampling poinf$. Hence, we need to de- o ver waveformf: should be close to 0.5. The price paid for
fine aninterpolation schemehat, given the valueBT, (T3), €x-  the increase in accuracy is a longer runtime (a larger number
tracts the values aP7, for all remainingl” # 7. Interpolation ot | evel 2 simulations are required). Valuestok 0.5 are not

g
advisable for performance reasons.

N, = kN, 8)

RMSRE =

avg

schemes are discussed in Section IV.

B. Choosing the Window SiZé.

The choice of the parametéy., that is, the length of the
sliding window for the running average, is key. . is too

C. Staircase Test

During Level 1 simulation/(7") is computed on every simu-
. L lation cycle. Althoughl/ (T’) is defined at every clock cycle, itis
small, the value of (T) will be noisy: the pattern-dependen eaningless formulating a staircase test that involves decisions

fluctuations of the indicator function may change the value ken on time intervals shorter thaf being this the maximum
1(T) too much and too rapidly. As a result, it may become m}'esolution v

possible to discern slow variations 6f7") due to staircase be- The test is based on an upper bound on variation&( ¥
havior from fast variations due to pattern dependence. The COR it is applied using the following procedure ’
sequence of this problem is that the staircase test is triggered too, Initially. Level 2 simulation is started to c.)btain the first
often and too many Level 2 simulations are executed, causing a Y lo.C v, Level 1 simulation d
marked slow-down of the multilevel simulation engine. ??%v)eirssigqrﬁr?ﬁtegn(\:/l\;trwr::tgévsr ; sirs;:m;t?(:lr?ri]slss;ggs: d
On the other hand, iV, is too large /(1) may have exces- o .
sive inertia and change too slowly. In this case, the variations gp:ﬁg%?otg;:giier:? ?sezf:rt:jd later), the value Gy
of I(T) over time may be smoothed down to a constant av- ! CHo ' . I
erage value that does not represent the variation of the average L.evell 1 S|mulat|qndand ;QTe cor;pu;_ar\]tmn O.f the '”d'ce?t‘”
value over time. As a consequence, the staircase test is almost dgncg:)r:j a;re carLle on > 1o | E st@rcasiTtes_t IS
never satisfied. The multilevel simulation becomes fast (a min- T'5a 3‘; or]\? S (;ntecgviry nXerva t _at |s(,junbt| _h
imum number of Level 2 simulations is executed), but accuracy ratJiE) é alg?ccl){r tr(;i’svzl:hizsé is_tolbro?/ir;eegtllg:vir ;05:5’0; te;]e
in tracking the power waveform is lost. . ) . o
To avoi?i bothppitfalls, the choice d¥. must be a compromise granularity at wh|ch the staircase pehawor ISt ested._
between good tracking capability and noisiness. Our procedure* Q\tt:rr t?liéi(c::mc/:?g I,:tsig/i?cl;z;::bséﬁgsinsr?stzsettlei{ae%p\k/iir?t
for choosingV. is based on a calibration process. We move from y ycle.
the observation that, when uniformly distributed, uncorrelated
patterns are fed to the system, the average power does not have AI(T)] > yAmax|T] 9)
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where A|I(T)| = |I(Ty) — I(T)|, v is a coefficient R(T)
smaller than one, and ..« || is an upper bound to vari-
ations of|I|. In the case of the simple indicator function R(T)
of (2), Anax = | S|, where|S| is the cardinality of the set
of nodes in the circuit whose switching activity is sampled
by the indicator function. (a)
« Ifthetestis satisfied, Level 2 simulation s triggered. Upon
stopping of the latter (at tim), /(1) is stored and the
process is restarted.
Parametery controls the sensitivity of the test; its typical
range i90.1 < v < 0.5. The choice ofy is again dictated by a
tradeoff between sensitivity and accuracy in the estimation. (b)

—

Tiss
R(Tin)

T
Ti-¢-1

-

R(Tiur)
D. Stopping Criterion

The last decision to be taken is when to stop the Level 2 simu-
lation after it is started by the staircase test. The simplest choice
is to execute Level 2 simulation for a fixed number of clock
cycles. Unfortunately, no simple criterion is available for the
choice of such number. Fig.2. (a) Discontinuous variation . (b) Linear smoothing aR. (c) Mixed

We adopt an adaptive strategy, where the number of Leve$Roothing of7.
simulations is variable and depends on the operating conditions.

More specifically, the stopping criterion is based on a conver-e propose an enhanced interpolation scheme that exploits

gence test on the average power value. Although this choicefig availability of I(7) to improve accuracy. The method is

intuitively attractive, it is heuristic and relies on the assumptiafased on the assumption that, locally]) is proportional to

that on the short term, the average power dissipation appegds, (7). In other words, once a sampl, (7;) has been ob-

nonstaircase, hence it converges rather rapidly to a constant@yhed, we can compute a proportionality const&(f;) =

erage value. Pove(T;)/1(T;). Notice that the definition oR(7;) is the same
Clearly, this assumption is not true in general. More in detalls thepower-ratia However, unlike [8], we do not assume that

two prOblemS may arise. The first is premature convergenc®is a constant across the simulation.

Level 2 simulation is stopped because convergence on the avin our interpolation strategyR(1;) is computed at each

erage is reached too rapidly (for example, if, by chance, thgwer sample; then, its value is used to estinfatg (T') when
power dissipated at the first two or three cycles of Level 2 simy= -« 7 |n symbols
lation is almost constant). The second, and more serious, is lack
of convergence. In this case, Level 2 simulation never stops. To P3i(T) = RTC)I(T) T; <T < Tiys. (11)
mitigate both problems, we provide the following lower bound
on the number of vectors that must be simulated in Level BExperimentally we noticed that, although this scheme leads
nr.N., with n;, < 1, typically between 0.5 and 1. Similarly, theto much better predictions than the piecewise constant one, it
upper bound igy; V., with n; > 1, typically between 2 and 3. still has limited accuracy because of the discontinuity on the
The rationale of these bounds is based on the observation talties of R(T;). The difference betweeR(7;) and R(T;,)
the convergence of power estimation is related to converger@@® be big, and this leads to increased estimation errors in the
of the indicator function, although it is expected to be slower.left neighborhood of the sampling poin¥s (i.e., for cycles
immediately before a sampling point).

IV. INTERPOLATION SCHEMES Error can be further reduced by imposing a smooth transi-

The multilevel simulation engine of Section Ill computes ft:llon beMeenE(ﬂ) and R(Tiﬂ)' WE% employ simple linear
smoothing. Fig. 2(a) shows a discontinuity between two succes-

set of samples’,.4(7;) of the average power waveform. The_. : . . !
estimation ofP,.(T) for T # T; is calledinterpolation The sive samples of. Fig. 2(b) shows the simplest linear smoothing

. . . * . of R. Linear smoothing performs well for waveforms with short
simplest interpolation strategy ecewise constanthe value

of P..¢(T) is assumed to be equal to the last sampled value pla'geaus and numerous Samp"”g points. The main limitation
of linear smoothing is that it has limited accuracy for power

Paes; (T) = Pag(T)) T, <T < Tiyy. (10) wgvefor_ms with long plateaus e_md few (and well apart) sam-
pling points. The accuracy loss is caused by the fact that when

The piecewise constant interpolation is consistent with the &§-andZ;., are far apart, the value @& remains close té(7;)
sumption that average power has a staircase behavior, but foeisa long time before starting to change. A more robust and
two main limitations. First, it performs quite poorly when theaccurate smoothing is shown in Fig. 2(&(T) is held at the
transitions between plateaus are smooth (or when the wavefaromstant valueR(T;), then it transitions linearly ta(Z;41).
is not constant nor fully staircase); second, it does not corfihe transition take#/.. cycles. This scheme gives good results
pletely exploit the information provided by the indicator funcfor long plateaus and reduces the error around sampling points.
tion. The choice ofV. for the duration of the transition is dictated by

R(TY

T T

T: Tini—Ne¢ Tin
(©)
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the fact thatV. is the “inertia” of the algorithm. In other words, "
transitions faster thav,. are not significant for power estimates
averaged ovelN.. Assuming that the entire variation &{(7")
takes place inV, cycles is consistent with the assumption of
staircase power waveform, with steep edges, where the speet '
variation is controlled by the window amplitudé..

More complex interpolation schemes could be adopted
further improve accuracy. In particular, full-fledged regressio
models (e.g., [19]) could be constructed. This would increas”’
the complexity of the method and decrease its performance.

0.4

12 R

V. EXPERIMENTAL RESULTS

02

In order to investigate the applicability and the accuracy of th
proposed methodology, we have performed three sets of pov !
estimation experiments, and we have checked the so computed
results against the ones we have obtained through exhaustive
transistor-level simulation using Irsim [13]. In the following '
sections, we report on our findings. Before that, we present
analysis on how the choice of some of the tuning parameterstl |E
can be selected by the user may impact the performance and *[ff
curacy of the method.

@

A. Sensitivity Analysis

There are five user-selectable parameters that control the ¢ |
erations of the multilevel simulation algorithm described in Sec [t
tion 111.

* k, that controls the size of the sliding windaw,. Pa-
rameterk lies within the interval[0, 1]. Remember that,
ask — 1, the window sizeV, — Ny, .

* 3, that defines the amplitude of the recovery interval, i.e
the number of clock cycles for which the staircase test is °
disabled after a Level 2 simulation is stopped. Parameter ()
£ lies within the mterva[.l_’ OO] . Fig. 3. (a) Normalized RMSRE. (b) Number of level 2 simulations veksus

* ~, that controls the sensitivity of the staircase test. Smalle
values of~ imply higher sensitivity. Parametey lies
within the interval[0, 1]. As the value oft gets smaller, the sliding window width de-

* 75, andny, that control, respectively, the minimum and thereases, and the value 6fZ°) becomes noisier. The macro-
maximum number of Level 2 simulations to be performesicopic effect of the noisiness &{T’) is that it has larger vari-
when a power sample is taken. Parameteties within ations on a short time scale with the result that the RMRSE
the interval[0, 1], while parametery; lies within the in- increases, and Level 2 simulation is started much more often.
terval [1, oc]. Concerning the estimation accuracy [Fig. 3(a)], we can notice

We study the sensitivity of the algorithm to the values sudhat it is almost constant over the full rangeloexcept for very
parameters can take on. Intuitivelyandy are critical for tuning small values, where it increases sensibly. Apparently then, the
the accuracy and speed of the simulation, sib@@ntrols the larger the value of, the smaller the error. However, if we allow
short-term averaging of the power samples antbntrols the % to get values outside the ranffe 1] (typically & > 10), the
dispatching of Level 2 simulation. On the other hagdl,,; RMSRE starts increasing, because for large sliding windows the
andny; are not critical, because they control secondary featurigslicator function tends to lose its tracking capability, and it is
of the simulation engine. Experiments confirm this intuitionnot able to correctly predict large power variations.
accuracy and simulation speed depend very weakly, anp and Based on these considerations, the selectioh might still
nu . Hence, we have assigned them fixed valugs=(1, n, = appear not critical, as long as average power is locally almost
0.5 andrn;; = 2) and we have not analyzed them further (thessonstant. However, if the target is to construct a power wave-
values are also used for the experiments in Sections V-B, V406rm, we would like to keep the tracking capability of the tool
and V-D). Conversely, we have studied the impact of parametes high as possible, that is, to use smaller values. dthere-

k and~ on efficiency and accuracy. fore, we pick the smallest value éfthat allows to achieve the
Fig. 3(a) and (b) shows the simulation accuracy (normalizedquired accuracy. The choice/ofs clearly also affected by its
RMSRE) and the number of Level 2 simulations as a functiompact on simulation time. As shown in Fig. 3(b), the number of

of k for a fixed value ofy (v = 0.2), respectively. Level 2 simulations increases Aslecreases, whereas for small

02 0.4 0.6 0.8 1
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B. Combinational Circuits

We have considered all the ISCAS’85 examples [11]. The cir-
cuits were optimized and mapped for area using SIS [20] onto a
gate-library consisting of 2-inpsiaND andNOR gates, inverters,
and buffers. Tables | and Il collect the results of the experiments.
Columns!, O, andG of Table | give the number of circuit in-
puts, outputs, and gates, respectively. Coluy provides the
actual values of average power obtained through complete tran-
sistor-level simulation of the input stream. Finally, coluEsti-
mated Poweshows the values of average power obtained with
the technique of this paper. The column is further split in three
sets of columns, one for each of the three sampling points selec-
tion criteria we have considered, namely, ingao} (input/output
(In—0ud, and global switching activitylgtern). Each column
shows the estimated average power (coluﬁiﬁg), the abso-
lute value of the relative error, with respect to the actual av-
erage power (columfhZ|), and the value of the RMSRE. For
the same benchmarks, Table Il gives the time required to esti-
mate the average power through complete transistor-level sim-
ulation (columrii,.), and for each of the three indicator func-
tions, gives the timé?, + Tiyq + Ziample required to complete
the estimation (columf’), the achieved speed-up, SP, and the
number of Level 2 simulations triggered (colurhf). The size
of the sliding window/V,., specific for each circuit, that we have
used in the indicator functions is also shown in the right-most
column.

All power values in Tables | and Il, and in those included
in the following sections, are expressed in milliwatts, while the
CPU times are measured in seconds on a DEC AXP 1000/400
with 256 MB of memory.

Since the benchmark circuits do not come with typical input

(b) patterns, we built input streams trying to emulate real-life usage
sequences. The generated input streams have very high tem-
Fig. 4. (a) Normalized RMSRE and (b) number of level 2 simulations versy@goral and spatial correlation (i.e., correlation between succes-
- sive patterns and between input variables) and, more impor-
tantly, are highly nonstationary. The average input activity is

values ofi: (k < 0.5) itincreases dramatically. The shape of th&hanged abruptly and wide variations are imposed several times
curves gives hints on the minimum valueidhat can be chosen. In the stream. Between variations, the average input activity is
Putting together the constraints resulting from Fig. 3, we usgt/ghly constant, although the vectors are correlated. The com-
the valuek = 0.5 for all the experiments of Sections V-B, V-C,Plete streams consisted of 50 000 patterns.
and V-D. Fig. 4(a) and (b) shows the dependency of simula- The error between the average power values provided by the
tion accuracy (normalized RMSRE) and the number of Leviqol and the ones obtained through complete transistor-level
2 simulations on the value of paramete(for a fixed value of Simulation of the input stream are limited, namely, 1.715%,
k = 0.5), respectively. 1.117%, and 0.572%, depending on the selected sampling cri-
As ~ gets larger, the estimation error increases because #@on. Also, the RMSRE is low (0.071, 0.062, and 0.049). On
simulation engine cannot effectively track the staircase behavibe other hand, the simulation speed-up is substantial (50.96X,
of the power waveform. At the same time, for larger valueg,of 49.08X, and 47.13X).
the staircase test becomes less sensitive and Level 2 simulatiofs expected, a more accurate sampling criterion yields in-
is started only for very large variations &f7’). The limiting creasingly accurate estimates. However, it should be observed
case is when Level 2 simulation is performed only once at tieat the difference in accuracy is quite small. This is of interest
beginning of the input stream. This happens when 0.8. If v when Level 1 simulation is carried out at a high level of abstrac-
is too small, accuracy increases but performance decrease,tige €.9., behavioral simulation. In this case, the knowledge of
cause Level 2 simulation is triggered too many times. Hence, tthe internal switchings is not available, and the designer can rely
choice of the optimal value of is given by the tradeoff betweenonly on 1/O information.
accuracy and number of Level 2 simulations. Consistently with Fig. 5 shows, for benchmard32 , how the three sampling
the two plots, we have set = 0.2 for all the experiments de- criteria (the top three plots, from left to right), behave in tracking
scribed in Sections V-B, V-C, and V-D. the power waveform obtained by simulation of the given stream.

05
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TABLE |
ESTIMATION RESULTS FORCOMBINATIONAL CIRCUITS: AVERAGE POWER, ERROR AND RMSRE
Circuit | I 0 G Paog Estimated Power
In In-Out Intern
P;,ﬁ; | | E| ] RMSRE P;;j; | |B| | RMSRE P:f,; | | B| | RMSRE
c432 36 6 265 0.667 0.684 | 2.548% 0.084 0.680 | 1.949% 0.075 0.656 | 1.649% 0.060
c499 41 32 525 1.344 1.334 | 0.744% 0.051 1.346 | 0.148% 0.050 1.346 | 0.148% 0.049
c880 60 26 431 1.246 1.263 | 1.364% 0.036 1.258 | 0.963% 0.034 1.252 | 0.481% 0.031

c1355 41 32 525 1.323 1.252 | 5.366% 0.078 1.355 | 2.418% 0.076 1.316 | 0.529% 0.023
c1808 33 25 529 1.726 1.713 | 0.753% 0.052 1.715 | 0.637% 0.045 1.730 | 0.231% 0.037
c2670 233 | 140 808 2.660 2.653 | 0.263% 0.064 2.661 | 0.037% 0.062 2.661 | 0.037% 0.056
c3540 50 22 | 1289 5.207 5.279 | 1.382% 0.063 5.262 | 1.056% 0.058 5.182 | 0.480% 0.058
c5315 178 | 123 | 1759 6.397 6.417 | 0.312% 0.056 6.410 | 0.203% 0.039 6.397 | 0.000% 0.034
c6288 32 32 | 3240 | 10.050 | 10.456 | 4.039% 0.132 10.200 | 1.492% 0.096 10.080 | 0.298% 0.065
c7552 207 | 108 | 2314 | 10.366 | 10.670 | 2.932% 0.092 10.602 | 2.276% 0.082 10.560 | 1.871% 0.078

Average [1.715% [ 0.071 [1.117% | 0.062 | [ 0.572% | 0.049
TABLE I
ESTIMATION RESULTS FORCOMBINATIONAL CIRCUITS: TIME AND SPEED-UP
Circuit | Tpow In In-Out Intern N.
T [ SP [Lz| T | SP [Lz| T | 5P [1L#
c432 734 10 73.4 | 14 10 73.4 14 10 70.8 14 | 153
c499 697 10 69.7 | 15 10 69.7 15 11 63.2 15 | 117
c880 531 12 44.3 16 12 44.3 16 12 43.6 18 84
c1355 1007 9 | 111.9 8 11 92.6 12 10 | 101.6 10 | 234
c1908 659 19 34.7T | 17 18 36.6 15 23 28.1 20 § 191

<2670 1101 21 52.4 | 17 21 52.4 | 17 25 44.6 | 16 | 119
c3540 9675 258 375 | 16 250 38.7 | 16 229 42,2 | 14 | 317
c5315 6063 180 33.7 | 15 189 32.1 | 16 205 29.5 | 18 | 309
c6288 58410 | 3123 18.7 9 13123 18.7 9 | 3390 17.2 9 | 296
c7552 50325 | 1512 33.3 | 14 | 1558 32.3 | 14 | 1647 30.5 | 14 | 419

Average [ 50.96 ] [ 49.08 | | 47.13 ]

The waveform, obtained with the indicator function based dator in tracking the behavior of streams with different activity
I/0 sampling and the mixed smoothing interpolation method, sofiles. Clearly, the number of Level 2 simulations is high, due
the bottom left plot. The actual power waveform is the bottoto the continuous variations of the switching activity.
right plot. Obviously, the scales for the ordinates of the top three S
plots are different from those of the bottom ones, since the indr- Sequential Circuits
cator functions provide numbers of weighted switching events,We have selected a subset of the ISCAS’89 benchmarks
as opposed to actual power values. Comparing the two bott¢1®], so as to create a representative sample, in terms of
plots, we observe that the indicator function based on I/O agemctionality, size, and topological structure (sequential depth,
tivity provides sufficient information to track the staircase beaumber of inputs, outputs, and flip-flops), of the existing
havior of the power for combinational circuits. examples. Tables IV and V show the results obtained for these
To check the robustness of the method, we applied it to inptitcuits (column FF indicates the number of flip-flops). For the
streams that do not cause a staircase behavior in the power digeriments we have used the following indicator functions: 1)
sipated by the circuit. Table lll shows the results obtained usipgimary input and primary output activityn—Oud; 2) primary
the 1/0 sampling points selection criterion. ColufEstimated input, primary output and state activitynEOut-Statg 3)
Powerprovides the various data and it is further splitin two set®omplete internal activitylatern).
of columns: the first refers to a uniform random input stream, As for the combinational examples, estimates are accurate,
the second to a stream that presents slow variations (sinus@dhcerning both average power (5.703%, 3.823%, and 2.246%,
of the switching activity with respect to time. As expected, thgepending on the sampling points selection approach) and
RMSRE for theRandonstream is very low and the number ofRMSRE (0.135, 0.116, and 0.082). On the other hand, the
Level 2 simulations is exactly 1. In fact, since this type of streaspeed-up with respect to exhaustive simulation is not as high
does not present any wide variation of the switching activity, th in the case of combinational circuits (21.63X, 20.28X, and
method requires only one low-level simulation at the beginningy.73X); this is caused by the fact that the convergence of each
of the simulation. Also, the RMSRE for tiinusoidalstreams Level 2 simulation is usually slower, due to the presence of the
is quite low, indicating the effectiveness of the two-level simieircuit state.
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Fig. 5. Indicator Functions, mixed smoothing interpolation, and power profile for cicdG .

TABLE Il
ESTIMATION RESULTS FORCOMBINATIONAL CIRCUITS: RANDOM AND SINUSOIDAL STREAMS
Circuit Estimated Power
Random Stream Sinusoidal Stream

Pavs | Pavg | |E% | RMSRE]| SP [ Lz | Pawg | Pavy | |EI% | RMSRE [ SP | L,
c432 0.736 0.723 | 1.766% 0.078 | 294.12 1 0.652 0.652 0% 0.078 | 1.68 117
c499 1.63 1.62 | 0.613% 0.016 | 326.48 1 1.402 1.407 | 0.356% 0.021 | 1.71 135
c880 1.245 1.237 | 0.642% 0.031 | 272.51 1 1.113 1.146 | 2.964% 0.077 | 1.14 150
c13556 1.633 1.628 | 0.306% 0.023 | 227.13 1 1.475 1.484 | 0.610% 0.095 | 1.12 153
c1908 1.926 1.961 | 1.817% 0.033 | 252.87 1 1.624 1.652 | 1.724% 0.088 | 1.42 132
c2670 3.131 3.129 | 0.063% 0.014 | 232.25 1 2.813 2.861 | 1.706% 0.061 | 1.81 101
c3540 5.156 4.961 | 3.782% 0.047 | 290.52 1 4.572 4.570 | 0.043% 0.063 | 1.62 107
c5315 7.949 8.011 | 0.779% 0.012 | 304.15 1 6.708 6.828 | 1.789% 0.074 | 1.53 118
c6288 12.287 | 12.831 | 4.42T% 0.047 | 234.36 1 | 10.557 | 10.777 | 2.083% 0.087 | 1.84 96
c7552 13.649 | 13.713 | 0.468% 0.023 | 253.76 1| 12.253 | 12.346 | 0.759% 0.052 | 1.87 97
Average [ 1.466% | 0.032 [ 268.81 | 1 | | 1.203% |  0.069 | 1.57 [ 120.6

TABLE IV
ESTIMATION RESULTS FORSEQUENTIAL CIRCUITS. AVERAGE POWER, ERROR AND RMSRE
Circuit | [ O | FF G Payg Estimated Power
In-Out In- Qut-State Intern
P,f,‘j; |E| [ RMSRE P:,ﬁ; [ |E| | RMSRE P;J; | E| [ RMSRE

5298 3 6 14 136 | 0.050 | 0.048 4.000% 0.066 0.04¢9 2.000% 0.040 0.050 0.000% 0.022
5344 9 11 15 151 | 0.082 | 0.080 2.439% 0.130 0.080 2.439% 0.112 0.082 0.000% 0.067
5420 18 1 16 168 | 0.041 | 0.034 | 17.073% 0.254 0.035 | 14.634% 0.254 0.036 | 12.195% 0.251
s444 3 6 21 181 | 0.046 | 0.048 4.347% 0.083 0.047 2.173% 0.058 0.046 0.000% 0.045

s510 19 7 6 268 | 0.096 | 0.087 9.375% 0.185 0.089 7.291% 0.149 0.082 4.166% 0.077
5713 35 23 17 189 | 0.059 | 0.060 1.694% 0.093 0.060 1.694% 0.094 0.060 1.694% 0.058
s1196 14 14 18 647 | 0.182 | 0.180 1.098% 0.083 0.180 1.098% 0.069 0.181 0.549% 0.085
51423 17 5 T4 757 | 0.255 | 0.235 7.842% 0.153 0.250 1.960% 0.111 0.253 0.784% 0.054
s5378 35 40 | 164 | 1585 | 0.446 | 0.436 2.242% 0.076 0.445 0.224% 0.065 0.445 0.224% 0.059
513207 | 31 | 121 | 669 | 2693 | 0.481 | 0.525 6.924% 0.224 0.524 6.720% 0.208 0.505 2.851% 0.118

Average | 5.703% | 0.135 | | 3.823% | 0116 ] | 2.246% | 0.082

For some sequential circuit topologies, the temporal behavior circuits having far more latches than primary inputs, the de-
of the indicator function based solely on I/O switching may najree of switching occurring at the primary inputs has a limited
be informative enough about the actual power. This is becauserrelation to the overall activity (and thus power); rather, this is
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TABLE V
ESTIMATION RESULTS FORSEQUENTIAL CIRCUITS. TIME AND SPEED-UP
Circust | Tpow In-Out In-Out-State Intern N.
T ] SP [ L2 T ] SP | L2 T [ SP ] L2

5298 442 30 14.7 | 31 31 14.4 | 31 31 14.4 | 31 | 120
s344 592 24 24.7 | 12 24 24.7 | 12 25 24.0 13 | 129
8420 489 22 22.2 15 22 22.8 14 26 18.5 16 | 117
s444 401 19 21.1 17 25 16.2 | 27 46 8.7 ] 41 | 131
s510 685 37 18.5 16 39 17.4 | 17 56 12.3 | 24 | 121
sT13 408 27 15.1 13 28 14.6 14 28 14.5 14 | 152
1196 1554 63 24.7 | 12 74 21.1 14 68 22.8 13 | 125
81423 2333 79 29.5 13 | 106 22.0 18 | 159 146 | 32 | 171
s5378 3912 | 185 21.1 14 | 172 22.8 13 § 190 20.6 15 | 162
513207 2270 92 24.7 | 12 84 26.9 | 11 84 26.9 11 | 168
Average | 21.63 | | 20.28 [ 17.73 |

4298 v —
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Fig. 6. Different behavior of two sequential benchmarks.
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mainly driven by the switching at the present state lines, whiclonsiderable control over the internal degree of switching (and,

induces most of the switching inside the combinational logic.consequently, power dissipation).
Fig. 6 shows a graphical view of this fact. The plots at the top In general, we expect realistic sequential circuits to have a

of the figure refer to circuis298 . This circuit falls into the class behavior similar tas298 . In other words, sampling state in-

of circuits just described, since it has 3 inputs and 14 latches. Abrmation is key for achieving good accuracy. This conjecture
though the input stream for the circuit has an average switchiisgconfirmed by the average power dissipation estimates. The
activity with staircase behavior, the power dissipation (the tgtcuracy of the estimate based on input, output and state ac-
right plot) has very weak correlation with the input switchindivity is much better than that based on just input and output
activity (the staircase behavior is heavily smoothed out). Neaetivity. Obviously, the most accurate estimate is obtained if we
ertheless, the behavior of power dissipation can be tracked, bee the complete internal switching activity information (but, in
cause the indicator function also observes the switching activithjis case, the computation 87") may be computationally ex-
of the state variables. The mixed smoothing interpolation of tipensive, because it requires gate-level zero-delay simulation).
power dissipation is shown in the top left plot. Similarly to the case of combinational circuits, we show in
The plots at the bottom of the figure, on the other hand, reféable VI some results for input streams that do not exhibit a
to circuits344 ; in this case, waveforms seem to exhibit a “comstaircase behavior in the power dissipated by the circuit. As for
binational” behavior, in the sense that the input activity hasthe combinational examples, the results forRandonstreams
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TABLE VI
ESTIMATION RESULTS FORSEQUENTIAL CIRCUITS. RANDOM AND SINUSOIDAL STREAMS
Circust Estimated Power
Random Stream Sinusosdal Stream

Pavg | Pasy | |E(% | RMSRE | SP | Ly | Pavg | Pagy | |El% | RMSRE | SP | L,
5298 0.048 | 0.046 4.166% 0.048 | 226.71 1 | 0.049 | 0.047 | 4.082% 0.071 | 2.12 93
s344 0.084 | 0.087 3.57T1% 0.059 | 282.13 1| 0.076 | 0.076 0% 0.091 | 1.78 97
s420 0.043 | 0.037 | 13.953% 0.151 | 191.06 1 | 0.042 | 0.041 | 2.381% 0.154 | 1.54 119
s444 0.044 | 0.043 2.272% 0.045 | 228.17 1 | 0.045 | 0.041 | 8.889% 0.118 | 2.46 75
5510 0.110 | 0.107 2.727% 0.057 | 244.84 1 0.098 | 0.095 | 3.061% 0.094 | 1.58 113
5713 0.085 | 0.088 3.529% 0.049 | 271.36 1] 0.079 | 0.080 | 1.266% 0.033 | 1.37 127
51196 0.337 | 0.330 2.077% 0.037 | 198.25 1| 0.304 | 0.310 | 1.974% 0.044 | 1.91 93
51423 0.310 | 0.301 2.903% 0.074 | 178.83 11 0.253 | 0.270 | 6.719% 0.161 | 1.86 106
s5378 0.591 | 0.605 2.368% 0.054 | 210.81 1| 0.528 | 0.526 | 0.379% 0.037 | 2.09 98
513207 | 0.465 | 0.455 2.150% 0.044 | 231.49 1| 0.453 | 0.456 | 0.662% 0.108 | 1.77 103
Average | 3971% | 0.061 ] 226.36 | 1 [ 2941% | 0.091 [ 1.85 [ 102.4

are good, whereas for tf&nusoidaktreams accuracy comes at
at the price of an increased number of Level 2 simulations.

D. Case Study

The effectiveness of the power estimation methodology of
this paper is best illustrated by analyzing its application to a
real-life system. We designed a fully functional programmable
digital filter. Starting from a behavioral description in Verilog,
we synthesized a gate-level implementation using Synopsys De-
sign Compiler, then we obtained the transistor-level implemen-
tation. The design contained 2190 gates (approximately 4000
transistors).

The flow graph of the filter is shown in Fig. 7(a). All coeffi-
cients are programmable, hence any transfer function with three
forward and two backward coefficients can be implemented.
The input, output, and coefficients are 8 bit wide. The high-level
architecture of the design is shown in Fig. 7(b). The inputs
are: IN (the input bus, 8 bit wide), CADDR (the address bus,
3-bit wide, used for programming the coefficients), LD (the load
signal, used for programming the coefficients) and RESET. The
only output is OUT (the output bus, 8 bit wide).

During normal operation, the LD and RESET signals are low,
the input data streams are provided on IN, one new datum per
clock cycle, and the output contains the filtered data, one per
clock cycle. The filter coefficients can be reprogrammed by: 1)
setting LD; 2) selecting the coefficient with CADDR; 3) pro-
viding the coefficient value on IN. One new coefficient can be
programmed per clock cycle. During programming, the output
does not contain valid data. The coefficients and the internal reg-
isters are reset (to zero) by rising the RESET signal. Reset takes
one clock cycle.

Although this is a simple design, the programmable filter 9. 7-

complex enough to show the usefulness of our power estima-

x[t]

D
C2
R
=Y
D
(a)
CADDR(3) LD RESET
Address Decoder
IN (8)
[ 1 [ 1 1
Co[Cl|C2|C4)|C3
L [ T 1
Filter
OUT (8)
(b)

(a) Flow graph. (b) Architecture of the filter.

tion methodology. First, notice that even during normal opereence, it is important to detect when it happens, because power
tion, successive inputs IN can be strongly correlated, and halissipation after reprogramming can change widely.

widely varying switching activity over time (consider, for ex- In our experiments, we created a (long) typical usage stream,
ample, speech signals, with bursts of sounds and pauses). Mareluding reset and reprogramming phases. Then, we tracked
over, by reprogramming the coefficients, we can completetle power dissipation of the filter over time using our power
change the type of filtering performed, and the switching aestimation tool. One important characteristics of the design is
tivity. Since reprogramming is expected to be a rather rare occthiat it is has internal state, and its behavior is determined by
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TABLE VI
ESTIMATION RESULTS FOR THEFILTER

Actual Power Estimated Power

Pavg | Tpow I(T) | P&t ] |El [RMSRE] T [ SP | L2
In-Out 2.203 | 5.894% 0.471 282 | 17.8 26

2.341 | 5020 | In-Out-State | 2.321 | 0.854% 0.363 323 | 15,5 | 31
Intern 2.333 | 0.341% 0.347 365 | 14.1 | 37

E A

is often better described by an up—down staircase function than
by a single value. Our multilevel simulation approach achieves
g high accuracy in tracking how average power varies over time.
A fast simulation of the entire, user provided, input stream
is performed. During high-level simulation an indicator func-
tion is computed that provides information on when and how
often the short-term average power dissipation is expected to
change. Low-level accurate simulation is dispatched on small
N 1 portions of the input stream whenever it is needed for quanti-
tatively tracking how power dissipation is changing over time.
When the entire input stream has been processed, only a fraction
has been simulated with the slow and accurate power simulator,
but the power waveform and the average power are estimated

" (1]

] 2]
[3]

.....

(b)

Fig. 8. (a) Mixed smoothing interpolation. (b) Power profile for the filter.

(4]

the coefficient values, that change very rarely (and require g
maximum of five consecutive clock cycles to be modified).

The filter has been simulated under an input stream consistindG]
of the repeated and interleaved application of a set of patterns
to program the coefficients and a burst of input data. Obviously,[7]
depending on the type of data to be processed, not all five coef-
ficients need to be reprogrammed. The total length of the streangg;
was 50 000 patterns.

Fig. 8 compares the estimated power waveform to the actual
one calculated by exhaustive simulation. For this experiment,g
N. was equal to 147, all other tuning parameters have the same
values used for both the combinational and the sequential bencﬁb]
marks. Table VII collects the results obtained from the applica-

tion of the input patterns shown on the left of Fig. 8 to the filter.[ :
11

VI. CONCLUSION [12]
In this work, we demonstrated how a multilevel simulation ;3
engine can be exploited to achieve accurate power estimation
in a fraction of the time that would be needed to perform an
accurate simulation on the entire pattern stream. Under realist%‘”
input stimuli, the average power dissipation of digital systems

typically within a few percents from the actual ones.
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