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High-Level Power Modeling,
Estimation, and Optimization

Enrico Macii, Massoud Pedranvember, IEEE and Fabio Somenzi

Abstract—Silicon area, performance, and testability have been,  When the target is a low-power application, the search for
so far, the major design constraints to be met during the devel- the optimal solution must include, at each level of abstraction,
opment of digital very-large-scale-integration (VLSI) systems. In a “design improvement loop.” In such a loop, a power an-

recent years, however, things have changed; increasingly, power | Jestimat h . in Fig. 1 ks th .

has been given weight comparable to the other design parameters.ayz_er estima or.(s own in _gr‘_’"y '_n 9. _) ranks the various
This is primarily due to the remarkable success of personal design, synthesis, and optimization options, and thus helps
computing devices and wireless communication systems, whichin selecting the one that is potentially more effective from
demand high-speed computations with low power consumption. the power standpoint. Obviously, collecting the feedback on
In a_ddltlon, there exists a strong pressure for manufacturers the impact of the different choices on a level-by-level basis,
of high-end products to keep power under control, due to the . tead of iust at th d of the fl . t th ¢
increased costs of packaging and cooling this type of devices./NSt€ad or just at the very end o e_ ow (i.e., at the gate
Last, the need of ensuring high circuit reliability has turned out  |€Vel), enables a shorter development time. On the other hand,
to be more stringent. The availability of tools for the automatic this paradigm requires the availability of power estimators, as
design of low-power VLS| systems has thus become necessarywell as synthesis and optimization tools, that provide accurate
More specifically, following a natural trend, the interests of the and reliable results at various levels of abstraction.

researchers have lately shifted to the investigation of power In thi . f the techni for hiah
modeling, estimation, synthesis, and optimization techniques that n this paper, we review some or the techniques for high-

account for power dissipation during the early stages of the design |€vel power modeling, estimation, and optimization that have

flow. appeared recently in the literature. In particular, we focus on
This paper surveys representative contributions to this area the software, behavioral, and RT levels, since these are the
that have appeared in the recent literature. areas where most of the research efforts have been concen-
Index Terms—Behavioral and logic synthesis, low power de- trated in the last few years. On the other hand, we do not

sign, power management. discuss traditional logic-level (and below) techniques, since
this subject is out of the scope of this paper (the interested

|. INTRODUCTION reader may refer to [1]-[4] for excellent surveys on this topic).

N ORDER to shorten the overall time-to-market of new

products, today’s electronic systems are designed from I
specifications given at a very high level of abstraction. This . i ) ]
novel design paradigm is made possible by the recent availlt has been pointed out in the introduction that the
ability of electronic design automation (EDA) tools that ca@Vailability of level-by-level power analysis and estimation
take, as input, the description of a system expressed ifoQ!s that are able to provide fast and accurate results
hardware description language (HDL) like VHDL or Verilog@'® key for increasing the effectiveness of automatic
and that can automatically produce the corresponding ga€sign frameworks organized as shown in Fig. 1. We start
level implementation with very limited human interventionthiS Section with a concise description of techniques for
From there, well-established technology can be exploited $8ftware-level estimation (Section II-A). We then move
generate transistor-level netlists and layout masks. to the behavioral level (Section II-B), where we discuss

Fig. 1 summarizes the flow of operations that are requir&iSting power-estimation approaches that rely on information-
to go from a system-level specification to an architecture maHigoretic (Section 1I-B1), complexity-based (Section 1I-B2),
of a processor, a memory, a few register-transfer level (RTE'd synthesis-based (Section 1I-B3) models. Last, we focus
macrocells, and some glue and steering logic (in the form o4 attgntl_on to designs described at the RT level (Sectlo_n_ll—
gate or switch-level netlist). Depending on the application, difs)- This is the area where most of the research activity
ferent constraints (e.g., performance, area, power, testabil@) POWer modeling and estimation has been concentrated

must be satisfied during the various phases of the flow. 1" recent times; we cover two of the most investigated
classes of methods, namely, those relying on regression-

based models (Section 11-C1) and on sampling-based models

. MODELING AND ESTIMATION
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Fig. 1. Low-power design flow.

A. Software-Level Power Estimation results are based opower macro-modelingan estimation

The first task in the estimation of power consumption of approach that is extensively used for behavioral and RT-level
digital system is to identify the typical application program§stimation (see Sections II-B and II-C).
that will be executed on the system. A nontrivial application In [5], the power cost of a CPU module is characterized by
program consumes millions of machine cycles, making @stimating the average capacitance that would switch when the
nearly impossible to perform power estimation using thgiven CPU module is activated. In [6], the switching activities
complete program at, say, the RT level. Most of the reportemh (address, instruction, and data) buses are used to estimate
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the power consumption of the microprocessor. In [7], baséslel structure of the design components and hence must
on actual current measurements of some processors, Tétvaniesort to abstract notions of physical capacitance and switching
al. present the following instruction-level power model: activity to predict power dissipation in the design.
1) Information-Theoretic Modeldnformation-theoretic ap-
Energy, = Z(BCiNi) +Z(SCZ‘JNW)+Z OCh, proaches for high-level power estimation [9], [10] depend
i i,j k on information-theoretic measures of activity (for example,
entropy) to obtain quick power estimates.

where Energy is the total energy dissipation of the program, Entropy characterizes the randomness or uncertainty of a
which is divided into three parts. The first part is the summaequence of applied vectors and thus is intuitively related to
tion of the base energy cost of each instructid&C{ is the switching activity, that is, if the signal switching is high, it
base energy cost and¥; is the number of times instructionis |ikely that the bit sequence is random, resulting in high
1 is executed). The second part accounts for the circuit staiftropy. Suppose the sequence contaidistinct vectors and
(5C;,; is the energy cost when instructianis followed by et ;,, denote the occurrence probability of any vectoin

J during the program execution). The third part accounts fgsa sequence. Obviousl[ﬁ_ p; = 1. The entropy of the
energy contributionrDC}, of other instruction effects such as, =t

- ; - sequence is given by

stalls and cache misses during the program execution.

In [8], Hsiehet al. present an approach, callpbfile-driven +
program synthesigo perform RT-level power estimation for h=— Z p; log pi
high-performance CPU'’s. Instead of using a macro-modeling i1
equation to model the energy dissipation of a microproces-
sor, the authors use a synthesized program to exercise wheerelog = denotes the base 2 logarithm of The entropy
microprocessor in such a way that the resulting instructieithieves its maximum value dfg ¢ whenp; = 1/t. For an
trace behaves (in terms of performance and power dissipatignbit vector,t < 27. This makes the computation of the exact
much the same as the original trace. The new instructiedtropy very expensive. Assuming that the individual bits in
trace is however much shorter than the original one afm§e vector are independent, then we can write
can hence be simulated on an RT-level description of the

target microprocessor to provide the power-dissipation results n
quickly. h==> (g log g+ (1—q)log(l—q))
Specifically, this approach consists of the following steps. i=1

1) Perform architectural simulation of the target micropro-

cessor under the instruction trace of typical applicatioff"€r€ % denotes the signal probability of bitin the vector
programs. sequence. Note that this equation is only an upper bound on

- o . the exact entropy, since the bits may be dependent. This upper
2) Extract acharacteristic profile including parameters by y b bp

. ; . . _bound expression is, however, the one that is used for power-
such as the instruction mix, instruction/data cache miss,. _ . . .

L ; o estimation purposes. Furthermore, in [9], it has been shown
rates, branch prediction miss rate, pipeline stalls, et

for the MICrODIOCESSOr ?h’at, under the temporal independence assumption, the average
) _p o ) _switching activity of a bit is upper bounded by one-half of its
3) Use mixed integer linear programming and heurist ropy.

_rules to gradually transform a generic program template The power dissipation in the circuit can be approximated as
into a fully functional program.

4) Perform RT-level simulation of the target microproces- Power= 0.5V2fCio. E
sor under the instruction trace of the new synthesized o

rogram. . . .
prog where Ci,; is the total capacitance of the logic module

Notice that the performance of the architectural simulat fcluding gate and interconnect capacitances) Bqd is the
in gate-vectors/second is roughly three to four orders EE

. ) . erage activity of each line in the circuit, which is, in turn,
magnitude higher than that of an RT-level simulator. g y

This approach has been applied to the Intel Pentium pr%(_)prommgted by one_—half of its average entr_dm_g. The .
AR o . verage line entropy is computed by abstracting information

cessor (which is a superscalar pipelined CPU with 8—KI§‘, tained f te-level imol tati In 1100 it i

two-way, set-associative data, instruction and data cachgg,amed Lomr? 9a e(; ?Ve Ilmp emenal(l)n._ r: [ I], lj IS
branch prediction, and dual instruction pipeline) demonstratiHfi'tjsume that the word-level entropy per logic level reduces

three to five orders of magnitude reduction in the R-r_levgquadratically from circuit inputs to circuit outputs, whereas in
simulation time with negligible estimation error. [9] it is assumed that the bit-level entropy from one logic level

to the next decreases in an exponential manner. Based on these
assumptions, two different computational models are obtained.
B. Behavioral-Level Power Estimation In [9], Marculescuet al. derive a closed-form expression
Conversely, from some of the RT-level methods that wifor the average line entropy for the case of a linear gate
be discussed in Section II-C, estimation techniques at tHestribution, i.e., when the number of nodes scales linearly
behavioral level cannot rely on information about the gatd&etween the number of circuit inputsand circuit outputsn.
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The expression fok,,, is given by (ie., t < 223747 /\/log T, wheret is the total number
of transitions with nonzero steady-state probability), is the
2nhiy following:
]Lan = —h
(n+m) In 3 Z pi,jH(si, s5)
out ) SjES
(1—T) p — frout > hp;. ;) — 1.52 log T — 2.16 + 0.5 log(log T)
1 m hout n Rin = P, g ' & ' ' 108

n A In hin wherep; ; is the steady-state transition probability framto

Bout sj, H(s;, s;) is the Hamming distance between the two states,

andh(p; ;) is the entropy of the probability distribution ;.
whereh;,, and ., denote the average bit-level entropies dflotice that the lower bound is valid regardless of the state
circuit inputs and outputs, respectively,, is extracted from encoding used.
the given input sequence, wheréas,; is calculated from a  2) Complexity-Based ModelsThese models relate the cir-
quick functional simulation of the circuit under the given inputuit power dissipation to some notion ofrcuit complexity.
sequence or by empirical entropy propagation techniques faxample parameters that influence the circuit complexity
precharacterized library modules. In [10], Nemani and Najinclude the number and the type of arithmetic and/or Boolean

propose the following expression fég,: operations in the behavioral description, the number of states
and/or transitions in a controller description, and the number of
2 cubes (literals) in a minimum sum-of-products (factored-form)
havg = 5 T N (Hin + Hout) H :
3(n +m) expression of a Boolean function.

Most of the proposed complexity-based models rely on the
where H;,, and H,,; denote the average sectional (wordassumption that the complexity of a circuit can be estimated
level) entropies of circuit inputs and outputs, respectively. THy the number of “equivalent gates.” This information may
sectional entropy measurd$,, and H,.,; may be obtained be generated on-the-fly using analytical predictor functions or
by monitoring the input and output signal values during etrieved from a precharacterized high-level design library. An
high-level simulation of the circuit. In practice, however, thegxample of this technique is thehip estimation systerfi4],
are approximated as the summation of individual bit-levéfhich uses the following expression for the average power
entropiesh;, and hous. dissipation of a logic module:

If the circuit structure is given, the total module capacitance
is calculated by traversing the circuit netlist and summing
up the gate loadings. Wire capacitances are estimated usiigere f is the clock frequencyN is the gate equivalent
statistical wire-load models. Otherwis€;.; is estimated by count for the component, Energy, is the average inter-
quick mapping (for example, mapping to three-input universahl consumption for an equivalent gate (it includes parasitic
gates) or by information-theoretic models that relate the gatepacitance contributions as well as short-circuit currents)
complexity of a design to the difference of its input and outpytter logic transition,Cy.,q is the average capacitive load for
entropies. One such model proposed by Cheng and Agrawal equivalent gate (it includes fanout load capacitances and

Power= fN(Energy,,,. + 0.5 V2Cload) Egate

in [11], for example, estimate§,. as interconnect capacitances), attl... is the average output
activity for an equivalent gate per cycl€l,,q is estimated
Chrop = Mogny, . statistically based on the average fanout count in the circuit
ot — out -

and custom wire-load models,... is dependent on the
. . o . functionality of the module. The data are precalculated and
This estimate tends to be too pessimistic whens large; gioreq in the library and are independent of the implemen-
hence, in [12], Ferrandét al. present a new total capacitanCgygion style (static versus dynamic logic, clocking strategy),
estimate based on the numb&r of nodes (i.e., two—t0—0Ne€ i 41y specific parameters (gate inertia, glitch generation, and
multiplexors) in the ordered binary decision diagram represeﬁ‘r‘opagation), and the circuit context in which the module

tation of the logic circuit as follows: is instantiated. This is an example of an implementation-
m independent and data-independent power-estimation model.
Ciot = @ — Nhoy + . In [15], Nemani and Najm present a high-level estimation

n

model for predicting the area of an optimized single-output

The coefficients of the model are obtained empirically by doir;%oolean function. The model is based on the assumption that

linear regression analysis on the total capacitance values fdh§ aréa complexity of a Boolean functioh is related to

large number of synthesized circuits. the d_|str|but|on of the sizes of the _on—set and off-set of the
Entropic models for the controller circuitry are proposefiinction. For example, using the “linear measure,” the area

by Tyagi in [13], where three entropic lower bounds on the°MPlexity of the on-set of is written as

average Hamming distance (bit changes) with state Set N

and with 7" states are provided. The tightest lower bound Ci(f) = Z Cip;

derived in this paper for a sparse finite-state machine (FSM) i=1
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where the set of integer§c,, ¢z, -+ -, ¢y} consists of the makes some behavioral choices (mimicking a full synthe-
distinct sizes of the essential prime implicants of the on-sgis program). Important behavioral choices include type of
and weightp; is the probability of the set of all minterms inl/O, memory organization, pipelining issues, synchronization
the on-set off, which are covered by essential primes of sizecheme, bus architecture, and controller design. This is a
¢; but not by essential primes of any larger size. The areéficult problem, especially in the presence of tight timing
complexity of the off-set offCo(f) is similarly calculated. constraints. Fortunately, designers or the environment often
Hence, the area complexity of functighis estimated as provide hints on what choices should be made. After the RT-
level structure is obtained, the power is estimated by using any
c(f) = Ci(f) ;FcO(f)_ gf the RT-level techniques that will be described in Section II-
The authors next derive a family of regression curves (which Relevant data statistics such as the number of operat.ions of
happen to have exponential form) relating the actual ar@@1Ven type, bus and memory accesses, and I/O operations are
A(f) of random logic functions optimized by the SIS prograrﬁaptur_ed bystatlc.pr_oflllng based on stochastic analysis of the
(in terms of the number of gates) to the area complexifEhavioral description and data streams [18], [19¢igmamic
measureC(f) for different output probabilities of function pro_flllng based on direct simulation 01_‘ the behavior unc_zler a
/- These regression equations are subsequently used for tBiB'Ical input stream [20], [21]. Instructlon-leyel_or beha_woral
capacitance estimation and hence high-level power estimatisinulators are easily adapted to produce this information.

The work is extended in [16] to area estimation of multiple-
OUtDUt. Bpolean fu_nct|ons. . . C. RT-Level Power Estimation
A similar technique would rely on predicting the quality o ) ]
of results produced by EDA flows and tools. The predictor MOSt RT-level power-estimation techniques use regression-
function is obtained by performing regression analysis (pf,\seq, swnched_—capacnance models for circuit modules. Such
a large number of circuits synthesized by the tools arf@chniques, which are commonly known pewer macro-
relating circuit-specific parameters and/or design constraiff@deling,are reviewed next. _
to postsynthesis power-dissipation results. For example, onét) Regression-Based Modelg: typical RT-level power-
may be able to produce the power estimate for an unoptimizégfimation flow consists of the following steps.
Boolean network by extracting certain structural properties of 1) Characterize every component in the high-level design
the underlying directed acyclic graph, average complexity of library by simulating it under pseudorandom data and
each node, and user-specified constraints and plugging these fitting a multivariable regression curve (i.e., the power
values in the predictor function. macro-model equation) to the power-dissipation results
Complexity-based power-prediction models for controller ~ using a least mean square error fit [22].

circuitry have been proposed by Landman and Rabaey in2) Extract the variable values for the macro-model equation
[17]. These techniques provide quick estimation of the power  ejther from static analysis of the circuit structure and
dissipation in a control circuit based on the knowledge of its  functionality or by performing a behavioral simulation of

target implementation style (that is, precharged pseudo-NMOS  the circuit. In the latter case, a power cosimulator linked
or dynamic programmable logic array), the number of inputs,  with a standard RT-level simulator can be used to collect

outputs, states, and so on. The estimates will have a higher input data statistics for various RT-level modules in the
degree of accuracy by introducing empirical parameters that  design.

are determined by curve fitting and least squared fit error )
analysis on real data. For example, the power model for an
FSM implemented in standard cells is given by

Evaluate the power macro-model equations for high-
level design components, which are found in the library
by plugging the parameter values in the corresponding
macro-model equations.

Power= 0.5 V2 f(N;CrEr + NoCoEo) Ny . T .
4) Estimate the power dissipation for random logic or

where N; and N denote the number of external input plus interface circuitry by simulating the gate-level descrip-
state lines and external output plus state lines for the FSM, tion of these components [25], [26] or by performing
andC, are regression coefficients that are empirically derived ~ Probabilistic power estimation [27]-[31]. The low-level
from low-level simulation of previously designed standard cell ~ simulation can be significantly sped up by the appli-
controllers,E; and E» denote the switching activities on the cation of statistical sampling techniques [32]-[35] or

external input plus state lines and external output plus state automata-based compaction techniques [36]-[38].
lines, andV,,; denotes the number of minterms in an optimized@he macro-model for the components may be parameter-
cover of the FSM. Dependence aM,, indicates that this ized in terms of the input bit width, the internal organiza-
model requires a partial (perhaps symbolic) implementatidion/architecture of the component, and the supply voltage
of the FSM. level. Notice that there are cases where the construction of
3) Synthesis-Based Model®©ne approach for behavioral-the macro-model of step 1) can be done analytically using the
level power prediction is to assume some RT-level templatgormation about the structure of the gate-level description
and produce estimates based on that assumption. This appractine modules, without resorting to simulation as proposed
requires the development of@ick synthesisapability, which by Benini et al. in [23]. On the other hand, if the low-level
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netlist of the library components is not known (which maypumber of variables in the macro-model equation, and thus
be the case for soft macros), step 1) can be replaced by dh& equation evaluation overhead.
collection from past designs of the component followed by Accuracy may be improved (especially for components with
appropriate process technology scaling [24]. In addition, tlideep logic nesting, such as multipliers) by power macro-
macro-model equation in step 2) may be replaced by a talbi®deling with respect to both the average input and output
lookup with necessary interpolation equations. activities (theinput—output data modethat is

In the following paragraphs, we review various power
macro-model equations, which exhibit different levels of ac-
curacy versus computation/information usage tradeoff.

The simplest power macro-model, known as thewer
factor approximatiortechnique [39], is a&onstant type model
which uses an experimentally determined weighting fact
to model the average power consumed by a given mod
per input change. For example, the power dissipation of
n X n-bit integer multiplier can be written as

Power= 0.5 V2f(CrE; + CoEo)

whereC; andCy represent the capacitance coefficients for the
mean activities of the input and output bits, respectively. The
dual bit type model or the bitwise data model may be combined
ith the input—output data model to create a more accurate,
t more expensive, macro-model form. Recently, in [41],
e authors presented a three-dimensional-table, power macro-
modeling technique that captures the dependence of power
Power= 0.5V 2n2C facii dissipation in a combinational logic circuit on the average
input signal probability, the average switching activity of the
where V is the supply voltage level( is the capacitive input lines, and the average (zero-delay) switching activity of
regression coefficient, anfl...;, is the activation frequency the output lines. The latter parameter is obtained from a fast
of the module (this should not be confused with the averagénctional simulation of the circuit. The paper also presents
bit-level switching activity of multiplier inputs). an automatic macro-model construction procedure based on
The weakness of this technique is that it does not accodighdom sampling principles. Note that the equation form and
for the data dependency of the power dissipation. For examptéliables used for every module are the same (although the
if one of the inputs to the multiplier is always one, we wouldiegression coefficients are different).
expect the power dissipation to be less than the case whe parametric power model is described by Liu and Svensson
both inputs are changing randomly. In contrast, stechastic in [42], where the power dissipation of the various components
power analysisechnique proposed by Landman and Rabaey @ a typical processor architecture, including on-chip memory,
[40] is based on an activity-sensitive macro-model, called tijisses, local and global interconnect lines, H-tree clock net,
dual bit type modelwhich maintains that switching activitiesOff-chip drivers, random logic, and data path, are expressed as
of high-order bits depend on the temporal correlation of datdfunction of a set of parameters related to the implementation
whereas lower order bits behave randomly. The module is tHefgle and internal architecture of these components. For ex-
completely characterized by its capacitance models in the sigmple, consider a typical on-chip memory (a storage array of
and white noise bit regions. The macro-model equation fordix-transistor memory cells), which consists of four parts: the
is then given by memory cells, the row decoder, the column selection, and the
read/write circuits. The power model for a cell array26f*
rows and2* columns in turn consists of expressions for:

1) the power consumed k& memory cells on a row during
one precharge or one evaluation;

where C,, and £, represent the capacitance coefficient and 2) the power consumed by the row decoder:

the mean activity of the unsigned bits of the input sequence,

while C,, and E,, denote the capacitance coefficient and

the transition probability for the sign change in the input ~ 4) the power consumed by the column select part;

stream.n,, andn, represent the number of unsigned and sign 5) the power dissipated in the sense amplifier and the

bits in the input patterns, respectively. Note th&t, £, and readout inverter.

the boundary between sign and noise bits are determined basgflinstance, the memory cell power [1) above] is given by

on the applied signal statistics collected from simulation runs.

Expanding this direction, one can uséitwise data modehs PoWelhemeell = 0-5 V Viging2* (Cine + 2" *Cyy)

follows:

Power= 0.5V2f <nC’E +n, Y CuyEny
ry=-++

3) the power needed for driving the selected row;

where V,ing iS the voltage swing on the bii# line (which
may be different for read versus writ€);,,; gives the wiring-
related row capacitance per memory cell, &d*C;, gives

the total drain capacitances on the &it/line. Notice that
wheren is the number of inputs for the module in questionduring the read time, every memory cell on the selected row
C; is the (regression) capacitance for input pinand E; drives exactly bit orbit.

is the switching activity for theth pin of the module. This A salient feature of the above macro-model techniques
equation can produce more accurate results by including, ferthat they only provide information about average power
example, spatio-temporal correlation coefficients among thensumption over a relatively large number of clock cycles.
circuit inputs. This will, however, significantly increase th&he above techniques, which are suitable for estimating the

Power=0.5V?f Y CiE;

i=1
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average-power dissipation, are referred toc@asulativepower macro-modelingrandomly selects: cycles and marks those
macro-models. In some applications, however, estimation @fcles. When the behavioral simulator reaches the marked
average power only is not sufficient. Examples are circuit reltycle, the macro-modeling invokes the behavioral simulator
ability analysis (maximum current limits, heat dissipation anfibr the current input vectors and previous input vectors for
temperature gradient calculation, latchup conditions), noisach module. The input statistics are only collected in these
analysis (resistive voltage drop and inductive bounce on powaarked cycles. Instead of selecting only one sample of large
and ground lines), and design optimization (power/grourgize, we can select several samples of at least 30 units (to
net topology design, number and placement of decouplifgsure normality of sample distribution) before the simulation.
capacitors, buffer insertion, etc.). In these casgsle-accurate Then the average value of sample means is the estimate of pop-
(pattern-accuraty power estimates are required. ulation mean. In this manner, the overhead of collecting input

Mehta et al. propose a clustering approach for patterrstatistics at every cycle, which is required by census macro-
accurate power estimation in [43]. This approach relies onodeling, is substantially reduced. Experimental results show
the assumption that closely related input transitions hatieat sampler macro-modeling results in an average efficiency
similar power dissipation. Hence, each input pattern is firshprovement of 5& over the census macro-modeling, with
mapped into a cluster, and then a table lookup is performedan average error of 1%.
obtain the corresponding power estimates from precalculatedrhe macro-model equation is developed by using a train-
and stored power characterization data for the cluster. Ting set of input vectors. The training set satisfies certain
weakness of this approach is that, for efficiency reasons, #gsumptions such as being pseudorandom data, speech data,
number of clusters has to be relatively small, which wouleitc. Hence, the macro-model may become biased, meaning
introduce errors into the estimation result. In addition, thdat it produces very good results for the class of data that
assumption that closely related patterns (e.g., patterns wlitehave similarly to the training set; otherwise, it produces
short Hamming distance) result in similar power distributiopoor results. One way to reduce the gap between the power
may be quite inaccurate, especially when thede-changing macro-model equation and the gate-level power estimation is
bits are involved, i.e., when a bit change may cause a dramdticuse aregression estimatoas follows [46]. It can be shown
change in the module behavior. that the plot of the gate-level power value versus a well-

Addressing these problems, Wi al. describe in [44] an designed macro-model equation estimate for many functional
automatic procedure for cycle-accurate macro-model genewats reveals an approximately linear relationship. Hence, the
tion based on statistical sampling for tiraining setdesign macro-model equation can be used as a predictor for the gate-
and regression analysis combined with appropriate statistiégel power value. In other words, the sample variance of the
tests (i.e., theF™ test) for macro-model variable selectiorratio of gate-level power to macro-model equation power tends
and coefficient calculation. The test identifies the most (leat®) be much smaller than that of the gate-level power by itself.
power-critical variable to add to (delete from) the set df is thus more efficient to estimate the mean value of this ratio
selected variables. The statistical framework enables predict@md then use a linear regression equation to calculate the mean
of the power value and the confidence level for the predict&alue of the circuit-level power. Thadaptive macro-modeling
power value. This work is extended by Qat al. in [45] thusinvokes a gate-level simulator on a small number of cycles
to capture “important” first-order temporal correlations antp improve the macro-model equation estimation accuracy. In
spatial correlations of up to order three at the circuit inputilis manner, the “bias” of the static macro-models is reduced
Note that here the equation form and variables used for ea@heven eliminated. Experimental results show that the census
module are unique to that module type. Experimental resuftgicro-modeling incurs large error (an average of 30% for the
show that power macro-models with a relatively small numb&enchmark circuits) compared to gate-level simulation. The
of input variables (i.e., eight) predict the module power witadaptive macro-modeling, however, exhibits an average error
a typical error of 5-10% for the average power and 10-200%only 5%, which demonstrates the superiority of the adaptive
for the cycle power. macro-modeling technique.

2) Sampling-Based ModeldRT-level power evaluation
can be implemented in the form of @ower cosimulatoirfor
standard RT-level simulators. The cosimulator is responsible
for collecting input statistics from the output of the behavioral Power constraints must be taken into account during various
simulator and producing the power value at the end. fflhases of the design flow. In this section, we first focus on
the cosimulator is invoked by the RT-level simulator evergoftware optimization techniques (Section Il1-A), followed by
simulation cycle to collect activity information in the circuit,system-level power-management strategies (Section 1lI-B). In
it is called census macro-modeling Section 1lI-C, we illustrate transformations that are applicable

Evaluating the macro-model equation at each cycle during behavioral descriptions and that improve the potential
the simulation is actually a census survey. The overhead savings achievable during the subsequent high-level synthe-
data collection and macro-model evaluation can be high. $& phase. Algorithms for low-power operation scheduling
reduce the run-time overhead, Hsiehal. usesimple random and resource allocation (which are at the core of high-level
samplingto select a sample and calculate the macro-mod®inthesis tools) are discussed in Sections llI-D and llI-E,
equation for the vector pairs in the sample only [46]. Theespectively, while a procedure for multiple supply-voltage
sample size is determined before simulation. Tanpler scheduling is presented in Section IlI-F. The output of the

I1l. SYNTHESIS AND OPTIMIZATION



1068 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 17, NO. 11, NOVEMBER 1998

high-level synthesis phase is an RT-level description consistifig (i=0;i< n;i++) for (i=0;i< n;i++) {
of a (possibly partitioned) control unit and some computing v[i] = £(alil); blil = £(alil);
(i.e., data-path) units, on which the bus encoding schem®@g (i=0;i< n;i++) cli] = g(blil);
summarized in Section llI-G can be applied to reduce the c¢[i] = g(b[il); }

overall power budget. A methodology to be used for translating
the specification of the system’s controller (as generated by th
high-level synthesis phase) into a gate-level netlist is briefly
outlined in Section lll-H. Last, we go over a few RT androposed by Leet al.in [50]. In this solution, techniques such
gate-level logic shutdown techniques (Section llI-1), as well as instruction packing, minimization of circuit state effects,
retiming transformations (Section IlI-J) that can be exploiteahd operand swapping are exploited [51].
to further reduce the total power requirements. We would like Regarding the reduction of the costs of memory accesses,
to point out that not all the various design, synthesis, and optfiite most effective and straightforward way of obtaining it
mization steps indicated in the flow of Fig. 1 will be discusseid through the minimization of the number of read/write
in detail in the sequel, but only those for which innovative, asperations required by an algorithm. Consider, as an example,
well as sufficiently reliable solutions have been proposed ihe fragment of source code taken from [52] and shown on
recent years. For example, we do not deal with techniquégs left-hand side of Fig. 2. If we assume the size of array
for low-power hardware-software partitioning, since only & to be too large to fit in the registers of the CPU, a total
few, preliminary contributions have appeared in the literatut# 2n read/write accesses to the memory are needed for the
[47]-[49]. Also, as stated in the introduction, we do noihtermediate arrayp during the execution of the program. By
consider traditional logic and transistor-level techniques. transforming the code as indicated on the right-hand side of
Fig. 2, the required element of arrdy can be kept into a
register of the processor; therefore, only register accesses are
A. Software Optimization necessary to store and load the intermediate data.

The software domain offers a large variety of opportunities Since minimization of the number of memory accesses is
for optimizing the power dissipation of a processor-baseéwhe of the main objectives pursued by compilers that optimize
digital system. Software design for low power has thus becorpgograms for speed, existing techniques developed in the
an active area of research in the last few years. In this sectigantext of high-performance code generation can be easily
we summarize a few promising approaches. Specifically, wgapted to reduce the power requirements of the software
discuss techniques targeting power minimization through a) i@@emponent of processor-based digital systems. However, fur-
struction scheduling and code generation and b) minimizatiger improvements in the power budget can be achieved by
of memory access costs. applying techniques (discussed next) that explicitly target the

The methods developed to properly select and order thgnimization of the switching activity on the address bus and
instructions of a program to reduce the instruction bus activitat best exploit the hierarchy in the memory system.
are based on the simple observation that a given high-levelThe work by Panda and Dutt [53], [54] focuses on the
operation (e.g., a C statement) can be compiled into differeeduction of the power dissipated by off-chip drivers and
machine instruction sequences. Since the same observatitgmory decoding logic by reducing the number of address bus
is at the basis of code optimization for speed and size, titansitions. The goal is reached through a memory mapping
most straightforward way to proceed is to modify the objectiveicheme that allows one to properly place in the main memory
function used by existing code optimizers to obtain low-powdarge arrays of data for which the access patterns can be
versions of a given software program. More specifically, thextracted from the program source code at compilation time.

. 2. Code optimization to reduce the number of memory accesses.

basic power cost of each instruction (determirecpriori Additional contributions to the problem of finding data
through a characterization process) must be considered durigcations that minimize the power in the memory-processor
code optimization. interface are available in the literature [52], [55]. These

Though this approach has proved to be effective, motechniques have the same objective as some of the bus
substantial power savings can be obtained by resorting ancoding strategies discussed in Section IlI-G. Therefore, in
optimizations specifically addressing power minimization [7hrder to be effective, power minimization strategies should
Cold schedulingis an instruction scheduling procedure proleverage their combination.
posed by Siet al. in [6] that attempts to reduce the number The basic assumption behind the exploitation of the memory
of instruction bus transitions occurring when the processbierarchy to reduce power is that, usually, the higher levels of
experiences a state change due to the execution of instructitimes hierarchy can be accessed at a low power cost, but they
of different types. In essence, the algorithm acts as a llsave limited storage capacity (for example, cache versus RAM
scheduler that determines the priority of execution of theccess). Power can then be reduced by organizing the data in
instructions according to their power cost. The method, thoughch a way that the higher levels of the hierarchy are optimally
innovative, has been shown to work well only on processousilized. Relevant work on this subject has been published in
with specific reduced instruction set computer architectures.récent years by Catthoet al. [52], [56], [57]. Their emphasis
more articulated methodology for code generation and opis-on systems for DSP and video applications, where the power
mization, whose practical applicability has been demonstratdigsipated at the memory interface usually dominates, and the
in the case of a digital signal processor (DSP), has besme of data to be manipulated is usually much simpler to
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Active | Idle | Active power.—management gtrategyz wh.ose main featur.e exploits the
I I past h]story of the active and idle intervals to predict the length
I | I | of an |d|_e interval as soon as the system entersldha_estate.
In practice, two approaches are suggested: one is based on
!‘T_’:m obtaining a regress_ion eq_uation that prgdicts the valu@jof
Mode R based on a quadratic function of the previous values of Hgth
and77. The other is based on the simple observation that if the
Fig- 3. Static shutdown strategy. T4 immediately preceding 47 is shorter than the minimum

_ _ value of 7’y ever experienced, it is highly probable that the
predict. They present a formalized methodology for the choig@xt 77 will be longer than the minimum time for which it is
of the proper memory hierarchy to be adopted in the desigBnvenient to shut down the system.

of data-intensive systems. Obviously, the power-management mechanism is con-
strained by two factors: 1) the time overhead needed to restart
B. System-Level Power Management the system and 2) the power overhead paid in restarting the

The activity of several components in a computing system$¥stem. The higher these two factors, the more conservative
event drivenfor example, the activity of display servers, comthe shutdown strategy must be.
munication interfaces, and user interface functions is triggeredAn experimental investigation performed on a SunSPARC
by external events and it is often interleaved with long perio@éation running an X server has shown power improvements
of quiescence. An intuitive way of reducing the average powaghievable through the predictive shutdown policies to be as
dissipated by the whole system consists of shutting down tRigh as 3&, with a very limited decrease in performance
resources during their periods of inactivity. In other wordgaround 3%).
one can adopt a system-level power-management policy thatn [59], Hwang and Wu have introduced a more complex
dictates how and when the various components should be spigdictive shutdown strategy that performs better than the
down. methods of Srivastavat al. The use of a technique for
In [58], Srivastavaet al. review conventional power- correcting possible idle period mispredictions, along with a
management approaches, such as those already in usd®rgyakeup mechanism, account for the higher efficiency and
current portable computers, and propose some innovati¢ decreased delay penalty provided by the new approach.
schemes. It is important to point out that the applicability of power-
An event-driven computing device can be thought of as@Ptimization techniques based on resource shutdown is not
finite-state system that can be in two statastiveand Idle. limited to system-level descriptions. We will show later
When the device is idle, it is desirable to shut it down biy the paper how the concept of power management can
lowering its power supply or by turning off its clock; in thisbe successfully exploited during high-level synthesis and
way, its power dissipation can be drastically reduced. If we c&liT L optimization.
T4 andT; the average time spent by the device in &aive
and in theldle states, respectively, we have that the maximum ] )
power improvement achievable through shutdown is given fby Behavioral Transformations
1+ T7/T,. Improvement figures closer to the upper bound Given a control-data-flow graph(CDFG) describing the
are, however, rarely obtained by existing shutdown strategieshavior of the hardware part of the system being designed,
(called statig). In fact, normally a device is put in its power-some transformations can be applied to it in order to improve
down mode onlyl” time units after it has entered tihdie state the potential power savings achievable in the subsequent
(see Fig. 3). This is because it is assumed that there is a hgjfases of high-level synthesis and RTL optimization. To be
chance for the system to be idle for a much longer time if &pplicable in practice, such transformations must only modify
has been in thédle state for at leasf” time units. the computational structure of the selected algorithm, while
Obviously, this simple policy is not efficient for threethey must preserve its original input/output behavior and, to
reasons. First, the assumption that if the system is idle feome extent, its latency.
more thanl” time units, it will be so for much longer may not According to Chandrakasaat al.[18], there are two distinct
be true in many cases. Second, even if the above assumpti@ys of optimizing power using behavioral transformations.
is valid in the majority of the cases, whenever the systeffhe first one consists of enabling the reduction of the supply
enters thddle state, it stays powered for at ledstime units, voltage through application of speedup transformations, such
wasting a considerable amount of power in that period. Thirds retiming, pipelining, algebraic manipulations, and loop re-
speed and power degradations due to shutdowns perforns&@icturing. Since these transformations have been extensively
at inappropriate times are not taken into account. In fact,used in the context of performance optimization, we do not
should be kept in mind that the transition from power-dowdiscuss them here. Instead, we focus on the second behavioral-
to fully functional mode has an overhead: it takes some tinkevel optimization approach. Here, the target is the minimiza-
Tr to bring the system up to speed, and it may also take maien of the effective capacitance through transformations that
power than the average, steady-state power. increase the utilization of the system resources; this is because
To overcome the limitations of the static shutdown policfewer and smaller computing elements usually provide better
discussed above, Srivastaghal. have proposed predictive power performance of the design being developed. As an
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A TABLE |

Q A CAPACITANCE STATISTICS FOR A TAP FIR FLTER
X
6 6 <:;r> X Before constant mult. After constant mult.
X Component Switched U of Switched T of
° B x - cap. (pF) | total cap. | cap. (pF) | total cap.
X Execution units 739.65 64.80 93.07 21.63
. ] ] Registers/clock 179.57 15.73 161.40 37.50
Fig. 4. Evaluation of a second-order polynomial. Control logic 65.45 5.73 83.79 19.47
Interconnect 156.69 13.74 92.10 21.40

Total [ 1141.36 | 100.00 | _ 430.36 | __ 100.00

this category. Its applicability is mainly found in DSP circuits,
where constant multiplications are quite common.

As an example of the usefulness of this transformation, in
Table | we report the capacitance statistics, taken from [18],
for a Tap finite-duration impulse response (FIR) filter before
and after application of the conversion of multiplications with
example, we illustrate how a reduction of the total number gbnstants into shift-add operations.
operations in the CDFG or the substitution of some operationsThe capacitance switched by the control units is reduced by
with more convenient ones can yield more power-efficie@pproximately a factor of eight; reductions are also achieved
descriptions. for the registers, the clock distribution network, and the

The easiest way to reduce the total switched capacitarioterconnect network, mainly due to the reduced area of the
consists of reducing the number of operations in the CDF@nal implementation. On the contrary, a small capacitance
Unfortunately, reducing the number of operations mayenalty is paid for the control logic.
adversely affect system performance. In the following, we The impact of various transformations on the characteristics
present two examples, taken from [18], which illustrate thef the design, depending on the specific situations in which
contradictory effects that this transformation may have on thieey are applied, is such that a fully automatic procedure that
design under optimization. drives the optimization process does not seem to be of practical

Fig. 4 shows two possible implementations of a system thaterest. On the contrary, tools that help the designer in
evaluates a second-order polynomial. The one on the leftSglecting the most useful transformations by quickly proposing
the most straightforward: it requires a total of two addet§€ possible alternatives are highly desirable.
and two multipliers, and it has a critical path of length three.

The realization on the right, on the other hand, is obtainél Operation Scheduling

through simple algebraic transformations. It only consists of T goal of a scheduling algorithm is to associate each

two adders and one multiplier, and it still has a critical path ‘Hrimitive operation appearing in the CDFG with the time
!ength three. Obviously, in this case, the transformed structyfgeryal (also called control step) in which the operation is
is advantageous. to be executed so as to satisfy some design constraints.
Consider now two different implementations, depicted in geyeral attempts have been made to modify traditional
Fig. 5 and taken from [18], of a system that evaluates a thirgcheduling algorithms to take into account power consumption.
order polynomial. The straightforward implementation on theg, example, in [60], Musoll and Cortadella have proposed
left requires a total of three adders and four multipliers, ang include in the cost function that drives the scheduling
it has a critical path of length four. Algebraic transformationgrocedure a measure of the switching activity occurring at the
yield the implementation on the right, which contains onlihputs of the functional units. By selecting from the CDFG
three adders and two multipliers, but which has a criticghe nodes for which no change of values in the input operands
path of length five. In this case, a decrease in the numbkgicurs between consecutive operations of the same functional
of operations corresponds to a decrease in speed, whichyffit, and by placing such nodes as close as possible in the
turn, causes a reduction in the potential power optimizati@gheduling, a substantial minimization of the total switched
achievable through supply voltage downscaling. capacitance can be achieved. In [61], the same authors have
It is well known that there exist operations whose correxlso proposed a set of CDFG transformations that may help
sponding hardware implementations require less energy peminimizing the activity at the inputs of a functional unit.
computation than others. For example, multiplications usin particular, the use dbop interchange, operand reordering,
ally require more energy than additions. Therefaength and operand sharinghas been suggested.
reduction transformations are used to substitute multipliers Clearly, the CDFG transformations mentioned above per-
with adders/subtractors, whenever possible. Unfortunately, tfism best in the cases where common input operands can
technique has a serious drawback: it usually produces lag identified. Unfortunately, these situations are not encoun-
increase in the original critical path length. The conversion oéred very frequently in real designs. However, it is still
multiplications with constants into the combination of shift angossible to target a switching activity reduction at the inputs
add operations is another powerful transformation belongingab the functional units by resorting to thgower-conscious

Fig. 5. Evaluation of a third-order polynomial.
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loop folding technique presented by Kim and Choi in [62]iterated over all the multiplexors. Upon completion (i.e., after
Such technique, derived from a well-known transformatiomaving selected the multiplexor nodes for which the power
traditionally applied for throughput optimization and resourcemanagement is possible), new precedence edges are created
minimization, enables the detection of common input operanifs the CDFG between the last node belonging to A&t
that are hidden inside the loops of the CDFG. The method hesd the top nodes belonging to seé¥y and N; for each
proven to have significant power-reducing effects on severdl the selected multiplexors. (A precedence edge entering a
applications taken from the DSP domain (e.qg., filters). node controls the activation of such a node.) The control
A substantially different approach to the problem of destep assignment phase is finally completed using an existing
termining a low-power scheduling of the CDFG has beetheduling algorithm.
introduced by Monteiroet al. in [63]. This work is based
on the idea of enabling, at a lower level of abstraction,
a power-management strategy similar to those discussedEinResource Allocation
Section 1lI-B for system-level design descriptions. Once the scheduling is complete, a resource-allocation pro-
The proposed scheduling algorithm attempts to assign tedure must be run to assign registers and functional units to
operations involved in determining and controlling the flowariables and operations in the scheduled CDFG, respectively,
of the data within the system to the earliest possible tinghd to specify the interconnection of the various resources in
intervals. This allows one to establish which computationgdrms of buses and multiplexors.
units are strictly required for a specific computation. The There are three classes of resources to be considered,
unused resources can be disabled during the system executigimely, registers, functional units, and interconnections. Tra-
They are identified by detecting mutually exclusive operatiogjitionally, the allocation has been carried out separately,
in the CDFG and by scheduling them for execution in timene class of resources at a timsefjal allocation). Usu-
frames occurring after the decision on which unit must hglly, the power consumed by a resource mainly depends
activated has been made. In this way, all mutually exclusiv® the input switching activity induced by the data being
units but one are guaranteed to be shut down during the curreidred or processed. Since, in reality, the patterns flowing
computation. In addition, if mutually exclusive operations arirough a circuit may have specific probability distributions,
scheduled in the same time interval, it may be possible to shafe way registers and functional units are allocated in the
the corresponding resource, thus possibly achieving furtteDFG may heavily impact the switching activities at the
power savings. interfaces of the resources. Graph-based algorithms for reg-
A scheduling that enables dynamic power management dater allocation for nonpipelined designs [64] and module
be computed as follows. The multiplexors in the CDFG arsllocation for functionally pipelined designs [19] proposed
considered individually, one at a time, starting with the ondgy Chang and Pedram rely on an accurate computation of
that are closer to the bottom of the graph. Clearly, this the probability density functions at the inputs of the various
an arbitrary choice, and it is made in view of the fact thatsources, given the probability distributions for the system
applying power management to such multiplexors may enalpgmary inputs.
the shutdown of a larger number of units. The set of nddgs  Unfortunately, in some cases, serial allocation may result in
N1, andN¢ of the CDFG, which belong to the transitive fanirsuboptimal solutions, i.e., designs using more interconnections
of the zero, one, and control inputs of the currently selectédn required. It may then be convenient to perform the
multiplexor, are identified. Nodes that are simultaneously three operations concurrentlgiifhultaneousallocation). The
Np and V; are obviously not suitable for power managementgchnique of [65], proposed by Raghunathan and Jha and
since the corresponding operation is needed no matter whabcribed next, considers data-dominated designs and targets
the value of the multiplexor control input will be; thereforea combined minimization of the total circuit capacitance and
they can be removed from the sets they belong to. The alse switching activities at the inputs of the registers and the
soon-as-possible (ASAP) scheduling algorithm is then run émctional modules.
the remaining nodes a¥, and /V;, assuming that such nodes The first objective is reached by limiting the total number of
are assigned to time intervals that follow the one assignedressources in the final design implementation and by keeping
the last node inV¢. Similarly, the nodes iV are scheduled under control the required amount of steering logic and inter-
using the as-late-as-possible (ALAP) strategy, assuming tleahnect. The minimization of the input switching activities,
they are all associated with control steps preceding the oneoof the other hand, is obtained through exploitation of the
the first nodes in eitheN, or N;. If there exists at least onecorrelations that may exist between the data words traveling
node inNy, N1, and N for which the time interval assignedand being stored within the circuit.
by the ASAP algorithm is greater than the one assigned byThe allocation procedure is based on the concept of com-
the ALAP procedure, such a node cannot be scheduled ungatibility graph (CG) [66]. The CG is an undirected weighted
the required assumptions. Therefore, the multiplexor undgraph that has as many nodes as there are variables and
consideration is not power manageable. On the other haongerations in the CDFG. Edges in the CG connect pairs of
if no conflict happens on the values of the time intervalsompatible nodes, that is, nodes that can be mapped onto
assigned by the ASAP/ALAP scheduling procedures, all thiee same resources (registers, in the case of variables, and
nodes in the three sets are assigned the newly computadctional modules, in the case of operations). Edge weights
ASAP and ALAP control steps. The process just outlined reflect the potential savings that could be achieved in the archi-
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tectural implementation of the system if the pairs of variablds Multiple Supply-Voltage Scheduling
or operations connected by the edges were assigned to thgupplying different voltages to different parts of a chip

sar;/e hardwa}re resour_cc;s. L\(j\t/hus indicate such edge We'gﬁéﬁ/ reduce the global energy requirements of a design at a
aswe (capacnancg Weig ts). €n p ower_cc_)_nsumpnoq IS t%ry limited cost in terms of algorithmic and/or architectural

target of th_e optimization, the switching act|y|t|es at the inpu odifications. This is because the modules of the chip that are
of the various resources must be taken into account wh %rt of the critical paths are powered at the maximum allowed

building the CG. To do that, another set of edge We'ghtv()ltage,thus avoiding any delay increase; the power consumed

the Ws's (SV.V'tCh'n.g activity weights), is de,termlned througtby the modules that are not on the critical paths, on the other
high-level simulation of the CDFG. Th&,’s represent the qand is minimized through proper voltage scaling.

average number of bits that switch between pairs of compatib eThe presence on the same chip of circuitry powered at

variables or operations, and they are used in conjunctigr}_f | . h ¢ lovel shift h
with the W.’'s to form the global edge weight$}’s, of the ! erent.vo tages IMposes the use o cevel shitters at the
o e boundaries of the various modules. Obviously, the area and
compatibility graph ) ) )
power costs due to such shifters must be considered while
evaluating the quality of the optimized circuit.

An important phase in the design flow of multipowered
systems is that of assigning the most convenient supply
Notice that(1 — W) is used instead oV, since the target voltage, selected from a fixed number of values, to each
is the minimization of the switching activity. operation in the CDFG. The problem to be solved is then

After the construction of the compatibility graph is terthat of scheduling the supply voltages so as to minimize the
minated, the allocation algorithm iteratively merges pairs @ower dissipation under throughput/resource constraints.
compatible nodes, starting with the ones having higher globalan effective solution has been proposed by Chang and
weights. Obviously, this merging operation corresponds to tegdram in [73]. The technique is based on dynamic pro-
mapping of the two variables or operations connected by t§eamming, and it requires the availability of accurate timing
edges to the same resources. and power models for the macro-modules in the RTL library.

The allocation and binding algorithm summarized abovg prefiminary characterization procedure must then be run
does not guarantee the minimum number of registers agfgetermine an energy-delay curve for each module in the
functlopal modules in the final archltecture; however, ﬂ\?orary and for all possible supply-voltage assignments. The
result is usually very close to the optimum, as shown by &ints on the curve represent various voltage assignment
number of experiments, and power savings are betweeryg iions with different tradeoffs between the performance
and 33%. and the energy consumption of the cell. Each set of curves

To further reduce. the overall power budget, power ma%: tored in the RTL library, ready to be used by the cost
agement of the available hardware resources can be enak?u% tion that controls the multiple supply-voltage scheduling

through a careful design of the con_trol circuitry. In fa.lCt’ noél orithm, outlined next for the simple case of CDFG’s with

all the resources of a system are simultaneously active at a : e :
. ; o tree structure. It consists of two phases: first, a set of possible
times. In particular, a component is idle when none of the . )
. ; o . . ower-delay tradeoffs at the root of the tree is calculated;
variables or operations mapped to it is active. The inputs {0 o . )
then, a specific macro-module is selected for each node in

idle registers and modules do not affect the behavior of theCh a way that the scheduled CDFG meets the required

overall system. Therefore, it may be possible to speci sorﬁg_ .
y Y P pecify timing constraints.

don't care conditions in the controller; this information may , ,
To compute the set of possible solutions, a power-delay

then be exploited to decrease the overall switching activity . .
within the design. curve at each node of the tree (proceeding from the inputs to

Other low-power allocation strategies have been proposilf Cutput of the CDFG) is computed; such a curve represents

in the recent literature. Some can be found in [60], [61], arf§€ Power-delay tradeoffs that can be obtained by selecting
[67]-[69]. different instances of the macro-modules, and the necessary

As a concluding remark, we would like to point out thal€Vvel shifters, within the subtree rooted at each specific node.

in the design flow of Fig. 1, operation scheduling is assumddi€ computation of the power-delay curves is carried out
to precede resource allocation. This may not always be tfgeursively, until the root of the CDFG is reached.

case in existing high-level synthesis tools, where the order ofGiven the power-delay curve at the root node, that is, the
execution of the two phases may be reversed [70], [71]; alsst of tradeoffs the user can choose from, a recursive preorder
it may happen that scheduling and allocation are performggversal of the tree is performed, starting from the root node,
simultaneously If the latter is the case, the optimizationwith the purpose of selecting which module alternative should
problem must be formulated in a more global way, and tH¥ used at each node of the CDFG.

various aspects related to low-power design that we haveUpon completion, all the operations are fully scheduled;
separately discussed for scheduling and allocation must therefore, the CDFG is ready for the resource-allocation step
combined. An algorithm that simultaneously performs lowfor which the techniques presented in Section IlI-E can be
power operation scheduling, clock selection, and resourgsed. Multipowered scheduling for high-throughput, function-
allocation is described in [72]. ally pipelined designs is also addressed in [73].

W=W, (1-W,).
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Alternatives to the multiple supply-voltage scheduling apeone, this information is communicated to the receiver with a
proach discussed above do exist in the literature. The interesspécial code word. The receiver changes the default reference
reader may find them in [74]-[76]. address, and offset transmission can resume. Although this

scheme is more flexible than Gray and TO, it still relies on
strong assumptions on the patterns in the stream. If the data-
G. Bus Encoding access policy is not array based, or if the number of working

It is known that bus capacitances are usually several ord@g1€s is too large, this encoding scheme loses effectiveness.
of magnitude higher than those of the internal nodes of Moreover, similar to the case of the TO code, it requires one
circuit. Consequently, a considerable amount of power c&tra bus wire for communicating a working-zone change.
be saved by reducing the number of transitions at the circdiifis requirement might not be acceptable because it changes
input/output interfaces. This task can be accomplished B{andard bus widths and chip pinouts.
encoding the information transmitted over the buses. The Beach code[83] relies on the fact that other types

The Bus-Invert codef [77] is a simple, yet effective, low- Of temporal correlations than arithmetic sequentiality exist
power encoding scheme. It works as follows: the Hammirfgtween the patterns that are being transmitted over the address
distance between two successive patterns is computed; iP#s. Since it has been experimentally noted that time-adjacent
is larger thanN/2, where N is the bus width, the current addresses normally show remarkably high block correlations,
address is transmitted with inverted polarity; otherwise, it e idea is that of determining an encoding strategy that
transmitted as is. Obviously, a redundant bus IIN/ is depends on the particular stream being transmitted. Given a
needed to signal to the receiving end of the bus which polarfyPical execution trace of the address bus to be encoded, some
is used for the transmission of the incoming pattern. THdatistical information identifying possible block correlations
method guarantees a maximum &2 transitions per clock is collected. The bus lines are then grouped into clusters
cycle, and it performs well when the patterns to be transmitt@gcording to their correlations, that is, lines belonging to
are randomly distributed in time and no information about theiife same cluster are highly correlated. An encoding function
correlation is available. For this reason, it is appropriate fé§ automatically generated for each cluster, and each con-
data-bus encoding. figuration of bits in the original cluster is translated into a

Concerning address buses, other techniques have also B&&# bit configuration. The algorithm that finds the various
explored. Since the addresses generated by processor&ngoding functions targets the minimization of the switching
ordinary computing systems are often consecutiveeSal. activity; thus, the technology developed for low-power finite
have suggested the adoption of By code[78] as encoding State machine encoding (see Section llI-H) can be successfully
strategy. This code achieves its asymptotic best performanc&¥ploited. The output of the transformation is an encoded
a single transition per emitted address when infinite streamss$feam for which the average number of bus line transitions
consecutive addresses are considered [79], and it is optimBfiween two successive patterns is minimized. Clearly, since
only in the class of irredundant codes. If some redundancytfe computation of the encoding functions is strictly dependent
allowed, as for the Bus-Invert approach, better performan@g the selected execution trace, the Beach code performs
can be achieved by resorting to the TF0de [80], which best on special-purpose systems, where a dedicated processor
requires an extra lineNC to signal when a pair of consecutive(€.g., core, DSP, microcontroller) repeatedly executes the same
addresses is written to the bus. WH&IC is high, the current portion of embedded code.
bus value is frozen to avoid unnecessary switchings, and the'he motivation for adopting a bus-encoding scheme is
new address is computed directly by the receiver. On the otifefreduction of the global power budget; then, the savings
hand, when two addresses are not consecutive|Nfeline achieved through a bus switching activity reduction must not
is low, and the bus operates normally. Several variants of the offset by the power dissipated by the encoding and decoding
TO code are possible, some of which may incorporate the B@g#cuitry at the bus terminals. In addition, bus latency is
Invert principle to exploit distinctive spectral characteristics dfsually a critical design constraint. Simultaneous optimization
the streams being transmitted [81]. of power and timing must then be targeted while synthesizing

The high frequency of consecutive patterns in the addrel§€ logic for bus encoding/decoding [81].
streams is at the basis of the effectiveness of encoding mech-
anisms such as Gray and TO. Clearly, if the percentage of . . o
in-sequence addresses decreases, their effectiveness diminishds0ntrol Logic Synthesis and Optimization
as well. Two recently proposed solutions tackle some of theHigh-level synthesis produces a combined description of
limitations of Gray and TO. data-path and control logic. The latter is normally in the form

The working zonecode [82] is based on the observatiomf a transition structure, whose most familiar representation
that many programs access multiple data arrays. The accesses FSM or a collection of FSM’s. The translation of such
to each array are mainly in sequence, but unfortunately thE$M'’s into a structural description presents opportunities for
are often interleaved; then, the sequentiality on the busrieducing power consumption and poses corresponding chal-
destroyed. The working-zone scheme restores sequentialéyges, especially when the control is complex and contains a
by storing the reference addresses of each working zone large number of latches. In this section, we outline how a gate-
the receiver side and by sending only the highly sequentlaivel netlist, suitable as input to logic-level optimization tech-
offsets. Whenever the data access moves to a new workirigues, can be synthesized from a state transition graph (STG).
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The synthesis process starts with the extraction of tlseitable dimension so that arcs of high cost connect states at
STG from the RTL description of the FSM. For controllerdfow Hamming distance. Standard search techniques can be
with more than a handful of latches, the explicit represemapplied to this combinatorial optimization problem.
tation of the STG is infeasible. Though decomposition of When the STG is large, it is normally given in an already
the controller before synthesis may alleviate the problerancoded form. The problem is then the one of reencoding.
optimization opportunities may be lost in the process. Fdihe initial encoding may come from a manual design, and
this reason, symbolic techniques based lbnary decision therefore it may provide a useful starting point. In general,
diagrams(BDD’s) [84] are often applied to the manipulationhowever, it is not optimal from the power viewpoint. The
of large graphs. These techniques represent sets by their chaain difference between algorithms for reencoding [95] and
acteristic functions and use BDD’s to represent characteristiose for encoding is in the size of the problems they try to
functions. To be effective, symbolic algorithms must avoidolve (millions of states versus thousands). To cope with very
explicit enumeration of the elements of the sets (e.g., the eddmge graphs, BDD-based techniques are used to manipulate
of a graph). the graphs and sets of states; and the usual algorithms must be

Since BDD’s are used to represent the transition relatisaformulated so as to avoid any explicit iteration over states or
of the graph, a preliminargncodingof the states is required. edges. The computation of the state probabilities can be carried
This is often derived heuristically from the behavioral descriput exactly [96] or by resorting to approximate techniques [31].
tion. The graph is then subjected to various transformationsA direct translation of the optimized STG into gates should
intended to improve energy efficiency as well as other metriggoduce a structure that is relatively close to a good final
Last, a detailed structural description must be produced fra@alution. Otherwise, the successive synthesis algorithms are
the graph. likely to produce suboptimal results. The problem when the

Given the STG of the circuit controller, the optimizatioriransition relation is represented by a BDD is that the obvious
task consists of modifying and encoding the graph in prepsrapping of each BDD node to a multiplexor results in
ration for logic synthesis. We review these techniques wittetworks that are large, deep, and slow. Among the approaches
particular emphasis on those algorithms that can be appliedhat overcome this problem, one builds a circuit in which
large circuits. (Those that dissipate nonnegligible amounts ténsitions for a given input vector propagate along a single
energy.) Among the modifications adecompositiorandre- path, which corresponds to the selected path in the BDD;
structuring Decomposition techniques produce interconnectégveral optimizations are then applied to control the cost of
FSM’s from one large FSM, and they fall broadly into twghe circuit [97].
categories: those based on the algebraic theory of [85] andAnother approach is based on the work of Minato [98].
those based on the identification in the STG of subroutinéero-suppressed BDD’s can represent very large function
or coroutines [86]. A subroutine/coroutine corresponds tocgvers efficiently. Powerful factorization algorithms exist that
fragment of the STG augmented with a wait state. Shutdowyork on these symbolic covers. It is therefore possible to first
techniques can be applied to the individual machines becafieéten the multilevel representation provided by the transition
only one is active at any point in time [87]. Both approachg¢lation BDD and extract from the two-level cover a multilevel
to decomposition try to minimize the activity along the linegetwork. Factoring can be guided by low-power concerns, but
connecting the submachines, which tend to drive heavier loathe objective of the symbolic techniques is to provide a link to
Decomposition naturally helps tackling the complexity issu€xisting logic-level optimization tools, not to supplant them.
however, no decomposition algorithms are currently available
that are applicable to STG’s with millions of states.

Restructuring of the STG is a generic term that encorh- RT and Gate-Level Power Management
passes those graph transformations that preserve equivalend@@ynamic power-management strategies such as those dis-
of behavior (or compatibility in the presence of don’t careussed in Sections IlI-B and III-E can be extended, with a
conditions). The best known of such transformations is stdimer degree of granularity, to the case of RT and gate-level
minimization. Algorithms are available for the minimization odescriptions. In fact, digital circuits usually contain portions
very large, completely specified FSM’s [88]. However, statihat are not performing useful computations at each clock
minimization by itself may have a deleterious effect on botbycle. Power reductions can then be achieved by shutting down
area and energy efficiency, especially for large circuits. It the circuitry when it is idle. In this section, we briefly outline
more advantageous to use the knowledge of the equivaletiweee techniques for automatically inserting dynamic power-
classes to identify don’'t care conditions and then use suetanagement mechanisms into RT and gate-level designs.
conditions in conjunction with a cost function that accounts Precomputatiorf99], [100] relies on the idea of duplicating
for the desired cost metrics [89]. part of the logic with the purpose of precomputing the circuit

The problem of encoding a state transition graph fautput values one clock cycle before they are required, and
low power consumption has received considerable attentidhen uses these values to reduce the total amount of switching
Among the earliest works is [90]. The idea common to this the circuit during the next clock cycle. In fact, knowing
and other encoding methods (see, for example, [91]-[94])tlse output values one clock cycle in advance allows the
to use the transition probability of a given arc as a (partiadyiginal logic to be turned off during the next time frame,
measure of its cost. The problem is thus translated into ttieus eliminating any charging and discharging of the internal
embedding of the state transition graph into a hypercube adpacitances. Obviously, the size of the logic that precalcu-
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lates the output values must be kept under control, since & 7- Example of gated clock architecture.

contribution to the total power balance may offset the savings
achieved by blocking the switching inside the original circuit. Another approach to RT and gate-level dynamic power
Several variants to the basic architecture can then be adopigthagement, known agated clockg101]-[103], provides a
to take care of this problem; in particular, sometimes it may kgay to selectively stop the clock, and thus force the original
convenient to resort to partial, rather than global, shutdowgircuit to make no transition, whenever the computation to be
i.e., to select for power management only a (possibly smadarried out at the next clock cycle is useless. In other words,
subset of the circuit inputs. the clock signal is disabled in accordance to the idle conditions
As an example, consider the left part of Fig. 6; the combinaf the logic network. For reactive circuits, the number of clock
tional block A implements anV-input, single-output Boolean cycles in which the design is idle in some wait states is usually
function f, and it has the 1/O pins connected to regist&is |arge. Therefore, avoiding the power waste corresponding to
and R. A possible precomputation architecture is depicted gfich states may be significant.
the bottom of Fig. 6. As an example of use of the clock-gating strategy, consider
The key elements of the architecture are the tWenput, the traditional block diagram of a sequential circuit, shown
single-output predictor functions andgo, whose behavior is on the upper part of Fig. 7. It consists of a combinational
required to satisfy the following constraints: logic block and an array of state registers that are fed by the
next-state logic and that provide some feedback information to
the combinational block itself through the present-state input
signals. The corresponding gated-clock architecture is shown

The consequence is that, if at the present clock cycle ejthern the lower part of the picture. _
or go evaluates to one, the load enable sigriigoes to zero, ~ 1he circuit is assumed to have a single clock, and the
and the inputs to blocki at the next clock cycle are forcedrédisters are assumed to be edge-triggered flip-flops. The
to retain the current values. Hence, no gate output transitidinPinational blockF, is controlled by the primary inputs,
inside blockA occur, while the correct output value for thefhe present-state inputs, and the primary outputs of the circuit,
next time frame is provided by the two registers located @nd it implements the activation function of the clock-gating
the outputs ofg; and go. mechanism. Its purpose is to selectively stop the local clock
As mentioned earlier, the choice of the predictor functiorff the circuit anytime no state or output transition takes place.
is a difficult task. Perfect prediction requiregs = f and The block namedL is a latch, transparent when the global
go = f. However, this solution would not give any advantagglock signal CLK is inactive. Its presence is essential for a
in terms of power consumption over the original circuit, sincgorrect operation of the system, since it takes care of filtering
it would entail the duplication of blocki, and thus it would gdlitches that may occur at the output of blagk. It should be
cause the same number of switchings as before but with 2@fed that the logic for the activation function is on the critical
area twice as large as the original network. Consequently, f@th of the circuit; therefore, timing violations may occur if
objective to be reached is the realization of two functions féhe synthesis of’, is not carried out properly.
which the probability of their logical sum (i.eg; + go) to The logic for the clock management is automatically syn-
be one is as high as possible, but for which the area pendltgsized from the Boolean function that represents the idle
due to their implementations is very limited. Also, the delagonditions of the circuit. It may well be the case that consid-
of the implementation ofj; and g, should be given some ering all such conditions results in additional circuitry that is
attention, since the prediction circuitry may be on the criticao large and power consuming. It may then be necessary to
path and, therefore, it may impact the performance of tlsgnthesize a simplified function, which dissipates the minimum
optimized design. possible power and stops the clock with maximum efficiency.

91:1=>f:1
90:1:>f:().
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Fig. 8. Example of guard logic insertion. Fig. 9. Reducing the switching activity by inserting registers.

The use of gated clocks has the drawback that the logic
implementing the clock-gating mechanism is functionally re- Other RTL power-management approaches exist in the
dundant, and this may create major difficulties in testing atiterature. For example, in [107] and [108], Raghunatlean
verification. The design of highly testable gated clock circuitl. propose a technique that reduces switching activity through
is discussed in [104]. respecification of some of the control signals in such a way

Guarded evaluatior{105] is the third RT and gate-levelthat both the multiplexor networks and the functional units
shutdown technique we review in this section. The distinctivget conveniently reconfigured. The strength of the proposed
feature of this solution is that, unlike precomputation anehethodology, thought specifically for control-flow-intensive
gated clocks, it does not require one to synthesize additiomi@signs, can be augmented by applying RT-level transfor-
logic to implement the shutdown mechanism; rather, it exploitsations for glitch minimization [109]; in fact, in such kind
existing signals in the original circuit. The approach is based systems, the power dissipated by the control and steering
on placing someuard logic,consisting of transparent latchescircuitry is usually predominant with respect to the power
with an enable signal, at the inputs of each block of the circuigquired by the functional units.
that needs to be power managed. When the block must execute
some useful computation in a clock cycle, the enable signal
makes the latches transparent. Otherwise, the latches rethi
their previous states, thus blocking any transition within the The position of the registers within a design may greatly
logic block. affect the area and performance of the circuit implementation.

The use of transparent latches as devices to eliminate uselBss transformation that repositions the registers of a design
node transitions is not new, since it has been proposed Without modifying its external behavior is called retiming.
Lemonds and Shetti in [106] for the handcrafted optimizatiohhe technique, initially proposed by Leiserson and Saxe
of multipliers and other arithmetic circuits. However, the workl10], has found wide applications in the context of area and
by Tiwari et al. on guarded evaluation provides a systematitming optimization. In [111], Monteircet al. have pointed
approach, described next, to identify where transparent latctoeg that register positions can also affect power dissipation.
must be placed within the circuit and by which signals the§onsider the simple example of a logic gatbelonging to a
must be controlled. synchronous circuit [see Fig. 9(a)], and aal} the capacitive

Let C be a combinational logic block [shown in Fig. 8(a)]Joad driven by the output node @f. In the case of CMOS
X be the set of primary inputs t6, andz be a signal inC'. technology, the power dissipated by gatés proportional to
Also, let I be the portion of logic that drives andY be the the product of the switching activity of the output node of the
set of inputs taf". Last, letD.(X) be the observability don't gate £, and the output load”;. Now consider the case in
care set forz (that is, the set of primary input assignmentsvhich a registerR is connected to the output @f Let Cg
for which the value ofz does not influence the outputs ©f. be the input capacitance of the register, andAgt be the
Consider a signat in C that logically impliesD_(X), that is, switching activity of the register output [see Fig. 9(b)].
s+ D.(X) =1. Then, ifs = 1, the value ofz is not required  The total power dissipated by the new circuit is proportional
to compute the outputs @. If we call t.(Y') the earliest time to E,Cr + ErCy,. Since the output of the register can make,
at which any input tof" can switch whens = 1, andt;(s) atmost, one transition per clock cycle, we have #at< E,.
the latest time at whicls settles to one, we have that signaln fact, at the output of gate some spurious transitions (i.e.,

s can be used as the guard signal foffshown in Fig. 8(b)] glitches) may occur, but they are filtered by the register; hence,
if t;(s) < t.(Y"). This is because is not required to compute they do not propagate to the output & Consequently, it
the outputs ofC whens = 1, and thus blockt” can be shut may happen thak,Cr + ErCy, < E,Cy, if both £, andCp,
down. Notice that the conditiot)(s) < t.(Y") guarantees that are sufficiently high. If this is the case, the presence of the
the transparent latches in the guard logic are shut down befoegister at the output of the gate has beneficial effects to the
any of the inputs tof" makes a transition. power behavior of the circuit.

The technique described above, referred tpae guarded  Though sometimes it may be advantageous (for instance, in
evaluationin [105], has the desirable property that, whethe case of pipelining, when registers are added to speed up a
applied, no changes in the original combinational circuitrglesign), inserting registers into a design is not always feasible.
are needed. On the other hand, if some resynthesis @ the other hand, when registers are already present in the
restructuring of the original logic is allowed, a larger numbaegircuit, it may be possible to move them across RTL blocks or
of logic shutdown opportunities may become available. logic gates so as to modify the circuit’s timing—and, in view

|RT and Gate-Level Retiming
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