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Preface

There has been a growing interest in techniques for designing integrated circuits
and systems with low-power consumption in the last few years. Research in
this field is motivated by two major markets: portable electronics and high-
performance systems. In the former case, low-power circuits are needed to
provide a reasonable operation time to battery-operated devices. In the latter
case, environmental factors, such as heat dissipation, may pose a practical limit
to the use of high-performance processors if power consumption is not controlled
and limited.

Low-power consumption in integrated circuits and systems can be achieved
through the combination of different techniques, including architectural design
choices, logic and physical design, choice of circuit families and implementation
technology. Most power saving is achieved by ingenious architectural organiza-
tion, even though computer-aided design (CAD) techniques have been shown
to be effective in synthesizing low-power circuits.

This book presents design techniques and synthesis algorithms for circuits
and systems with reduced power consumption. In addressing the multi-faceted
aspects of low-power design, we have chosen dynamic power management as
a leitmotiv, because we think that most power savings can stem from using
power management in the system architectural design as well as for the detailed
logic design of its hardware component. Therefore this book is not merely a
collection of synthesis algorithms. Power minimization algorithms are described
in the context of power management, and other techniques, such as software-
controlled power management, are also described.

Dynamic power management is a design methodology aiming at controlling
performance and power levels of digital circuits and systems, with the goal
of extending the autonomous operation time of battery-powered systems, pro-

xi
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xii DYNAMIC POWER MANAGEMENT

viding graceful performance degradation when supply energy is limited, and
adapting power dissipation to satisfy environmental constraints.

This book addresses design techniques and computer-aided design solutions
for power management, which are organized in an order related to their appli-
cability to control-units, macro-blocks, digital circuits and electronic systems,
respectively. All approaches are based on the principle of exploiting idleness of
circuits, systems, or portions thereof. They involve both detection of idleness
conditions and the freezing of power-consuming activities in the idle compo-
nents.

Sequential circuits, such as control-units, display often a large degree of idle-
ness due to their reactive nature. Techniques based on clock gating and/or on
decomposition have been shown to be successful in reducing their power con-
sumption. These methods have been extended to cope with power management
in networks representing either data path or control. The power reduction solu-
tions merge seamlessly with circuit synthesis, which is used routinely for circuit
desigr.

The book describes also some approaches to system-level power manage-
ment, including Microsoft’s OnNow architecture and the Advanced Config-
uration and Power Management standard proposed by Intel, Microsoft and
Toshiba. These approaches migrate power management to the software layer
running on hardware platforms, thus providing a flexible and self-configurable
solution to adapting the power/performance tradeofl to the needs of mobile
(and fixed) computing and communication.

11
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]. INTRODUCTION

Olim nescio quid sit otium, quid quies, quid denique illud iners quidem, tucun-
dum tamen, nihil agere, nihil esse.

I do not know what is rest, what is tranquillity, what is that state of doing

nothing, being nothing, certainly with no activity.
—Plinius Secundus

14



2 DYNAMIC POWER MANAGEMENT

1.1 MOTIVATION

A rule of thumb for Very-Large Scale of Integration (VLSI) engineers known as
“Moore’s Law” [moor96] states that the number of transistors per chip is ex-
pected to double every year. Despite numerous adverse predictions, “Moore’s
Law” has held for the last 35 years, although recently the rate has slowed to
about 1.5 times per year, or to quadrupling every three years [mein95]. In
the dominant CMOS technology, the increase in integration comes with nu-
merous beneficial effects. Transistors become faster (the delay of a ring os-
cillator stage in 0.1um technology with 1.0V supply voltage is less than 5ps)
and performance increases. Comrnercially available microprocessors run with
clock speed exceeding 500MHz and contain more than 9 million transistors [al-
pha96, expo96]. Processors with clock frequency close to 1GHz are expected
to be announced in the next two to three years.

While top-of-the line microprocessors provide impressive computational
power and lead the way in addressing the formidable challenges of Ultra-Large
Scale of Integration (ULSI) design, less aggressive products target the rapidly
expanding market of portable electronic devices for personal communication,
automotive systems, biomedical and many other applications. In all these cases,
power consumption is a primary concern. In high-performance systems, exces-
sive power dissipation incrcases failure rate, environmental impact and cost
imposed by cooling systems and packaging. Reducing power consumption is
obviously the primary concern for portable applications, since battery tech-
nology cannot keep the fast pace imposed by Moore’s law, and there is large
demand for devices with light batteries and long time between recharges.

The design of electronic circuits with low power dissipation is an old art.
Several micro-power design techniques were introduced in the 1970’s and com-
mercially exploited in the first low-power applications: electronic wristwatches
and implantable units for biomedical applications [bult96). Although the basic
issues are unchanged, the designers of today’s low-power systems are faced with
a much more complex task: power must be minimized while maintaining high
performance. To further complicate the problem, the pressure for fast time-to-
market has become extremely high, and it is often unacceptable to completely
re-design a system merely to reduce its power dissipation.

The power dissipation of digital VLSI components is only a facet of a much
more complex problem. Analog or electro-mechanic components such as dis-
plays, RF transmitters or disk drivers are often the main contributors to in-
flating power budgets. The rapid evolution of CMOS technology seems to
indicate that the digital component of electronic devices is likely to remain
a primary source of concern. However, well-balanced and successful designs
cannot overlook any system component. For example, the power consump-

15



INTRODUCTION 3

tion of notebook computers is currently dominated by display power consump-
tion [harr95]. Hence, low-power and high-quality display technology plays a
key role in deciding the success of a notebook computer, while digital CMOS
circuitry is less critical.

Historically, designers have relied on Computer-Aided Engineering (CAE)
and Computer-Aided Design (CAD) tools to cope with the complexity of the
design of electronic systems. Reliable tools for the estimation of critical de-
sign metrics, such as area and speed, have been developed in the past. They
were followed by the appearance of synthesis tools which have partially auto-
mated most of the design tasks, enabling an astonishing increase in designer
productivity. Power should be no exception. After a few years of extensive
investigation in the academic community, the first analysis and synthesis tools
for low power have appeared on the market [keut96]. Nevertheless, the problem
is far from solved. Oun the contrary, the most contradictory claims have been
made on the impact and usefulness of CAD tools for low power.

Without a doubt, power optimization is still much more an art than a well
understood industrial practice, and CAE support for low power designers is
only rudimental. Probably the reason for this situation is that there is only
a partial understanding of the fundamental power reduction techniques. In
this book we focus on dynemic power management, which, in conjunction with
technology optimization, has been consistently successful in reducing the power
dissipation of electronic systems. The book is not only a collection of ideas and
techniques. Our goal is to formulate a general theory and to build a taxonomy
for categorizing current and future techniques for dynamic power management.
We also perform an in-depth investigation of computer-aided design techniques.

We first describe the rationale and the theoretical foundations of the power
reduction approach based on dynamic power management. Then, we explore in
greater detail various dynamic power management techniques at multiple levels
of abstraction, ranging from logic-level to system-level. Many of the techniques
we present are emerging from the research community, while others are fostered
by the industrial world, and accepted in the design practice.

Although many approaches are still at the level of hand-crafted solutions
that critically depend on designer ingenuity and skills, some degree of computer-
aided automation can be achieved. The book contains useful information for the
CAD engineer who is interested in designing a new generation of tools for low-
power design. We present several algorithmic approaches for the automation of
basic and advanced power management techniques, and we attempt to critically
assess their impact. Our treatment is purposely informal, in an attempt to
increase the accessibility of the material to designers and engineers that focus
more on the basic ideas than on the algorithmic details. Nevertheless, extensive
bibliographical references are provided for the interested CAD practitioner.

16



4 DYNAMIC POWER MANAGEMENT

Power management is based on the key concept of idleness erploitation.
Whenever a device (or a component of a device) is idle, its power dissipation
should be reduced as much as possible. A successful power management scheme
exploits idleness in an efficient way. First, it detects idleness with high accuracy,
second it rapidly shuts down the idle resource and forces it in a state where
power dissipation is as low as possible. Whenever the resource exits the idle
state, the transition from shut down to fully active should be as fast and power-
efficient as possible. Moreover, the hardware support for power management
should be compact, power efficient and fast. Obviously, implementing power
management schemes involves a complex tradeoff between power, area and
specd. For all techniques presented in the book, we will analyze advantages
and limitations in an attempt to give the reader deeper understanding and
complete information.

This chapter is dedicated to a brief review of the main phenomena that cause
power dissipation in CMOS circuits, followed by an overview of the basic power
minimization techniques. Our treatment is not exhaustive. Several books have
recently been published on low-power design and CAD [chan95, raba96, nebe97,
mont97] and they should be referred to for additional information. The last
part of the chapter focuses on the main contribution of this book, namely the
analysis of power management techniques at all level of abstraction and the
study of their applicability.

1.2 SOURCES OF POWER CONSUMPTION

As power dissipation becomes a high-priority cost metric, researchers and de-
signers have increased their cfforts in understanding its sources and in mini-
mizing its impact. Power dissipation is not constant during the operation of a
digital device. The peak power is an important concern. Excessive peak power
may cause a circuit to fail because of electro-migration and voltage drops on
power and ground lines. Fortunately, correct and reliable circuit operation can
be ensured by designing for worst-case conditions. On the other hand, the
time-averaged power consumption is inversely proportional to the battery life-
time. Hence, minimization of average power consumption is a key issue for
the success of numerous electronic products, and it is the primary focus of the
following treatment.

The average power dissipation in a CMOS circuit can be described by a
simple equation that summarizes the four most important contributions to its
final value

Pa'vg = denamic + Pshort + leeakagc + thatic (11)

The four components are respectively dynamic (Piynamic), short-circuit (Psport),
leakage (Py) and static (Psiaric) power consumption. The partition of P,y

17



INTRODUCTION )

among its component strongly depends on the application and the technology.
We analyze each contribution in detail, using a simple combinational static
CMOS gate as a motivating example. Dynamic circuits and sequential gates
show similar behavior.

vdd vdd
1

Pull-up
(PMOS)

e ——— —————— —

———

Out N

Pull-down
(NMOS)

<7GN D
(a) (b

Figure 1.1.  CMOS gate structure and power dissipation

Dynamic power consumption, Piynamic, is the power consumed during the
output switching of a CMOS gate. Figure 1.1 (a) shows the structure of a
generic static CMOS gate. The pull-up network is generally constructed with
PMOS transistors and connects the output node Out to the power supply
Vdd. The pull-down network is generally composed of NMOS transistors and
connects the output node to the ground node GND. In a CMOS gate, the
structure of the pull-up and pull-down networks is such that when the circuit
is stable (i.e. the output rise or fall transients are exhausted) the output is
never connected with a conductive path to both Vdd and GND at the same
time.

When a transition on the inputs causes a change in the conductive state of
the pull-up and the pull-down network, electric charge is transferred from the
power supply to the output capacitance C,,; or from the output capacitance
to ground. The transition causes power dissipation on the resistive pull-up and
pull-down networks. Let us consider a rising output transition. Power is by

18



6 DYNAMIC POWER MANAGEMENT

definition Pyynamic(t) = dE(t)/dt = i4(t)v(t), where i4(t) is the current drawn
from the supply and v(t) is the supply voltage (v(t) = Vdd). The total energy
provided by the supply is:

T Vaa
E, = / ig(t)u(t)dt = Vg CoutdVout = CoutViy (1.2)
0 0

where 7" is a time interval long enough to allow transient exhaustion. We
implicitly assumed that all current provided by V4 is used to charge the output
capacitance. We also simplistically assumed that the output capacitance is
constant (i.e. it is not voltage-dependent).

At the end of the transition, the output capacitance is charged to V44, and
the energy stored in it is E5 = 1/2C,, V2. Hence, the total energy dissipated
during the output transition is By = CowVZ — 1/2Cou V2 = 1/2CeuVE,. If
we now consider a falling transition, the final value of the output node is 0, and
the output capacitance stores no energy. For conservation of energy, the total
energy dissipated during a falling transition of the output is again 1/2C,,:V2,.
This simple derivation leads us to the fundamental formula of average dynamic
power consumption:

2
Cout, Vdd

denamic =K T

= KCouVif (1.3)
where T is the clock period of the circuit and f = 1/7 is the clock frequency.
The factor K is the average number of transitions of the output node in a clock
cycle divided by two. Setting K = 1/2 is equivalent to assuming that the gate
performs a single transition every cycle. Clearly, in any digital circuit the clock
cycle is much longer than the time for a gate transition. Hence, a single gate
may have multiple transitions in any given clock cycle. On the other hand,
the output of a gate may not switch at all during a clock cycle. Equation 1.3
is important mainly because it includes the most important parameters influ-
encing power dissipation, namely supply voltage, capacitance switched, clock
frequency and the average number of output transitions per clock cycle.
Figure 1.1 (b) illustrates the origin of the short circuit power dissipation
Pipore. While in deriving Piynamic we assumed that all charge drawn from
the power supply is collected by the output capacitance, this is not the case
in realistic digital circuits. Since the inputs have finite slope, or, equivalently,
the input rise/fall time ¢,,; is larger than 0, the pull-down and the pull-up are
both on for a short period of time. During this time, there is a resistive path
between power and ground and some current is drawn from the supply and flows
directly to ground. We call this current short-circuit current. The total current
drawn from Vg4 is therefore i(t) = ig(t) + isnore(t). The following formula was

19



INTRODUCTION 7

proposed to describe the short circuit power dissipation of an inverter with no
external load (the analytical derivation of the formula under several simplifying
assumptions is carried out in [veen84)):

Poport = %(Vdd —2Vr)irf (1.4)

where (3 is the gain factor of a MOS transistor, Vr is its threshold voltage and
7 is the rise (or fall) of the input of the inverter. The analysis in [veen84] shows
that Pgp.-¢ depends on the ratio between the transit time of the output and
the transit time of the input, the worst case being slow input edges and fast
output edges. Although the Pgpop¢ of a single gate is minimized for very fast
input edges and slow output edges, the best design point for cascade of gates is
when the transit times of all gate outputs are kept roughly constant [veen84].

Several authors observed that short-circuit power dissipation is usually a
small fraction (around 10%) of the total power dissipation in “well-designed”
CMOS circuits. The rationale for the observation is that Pyp.,: becomes siz-
able when a gate is driven by an excessively loaded driver which generates
slow transitions at its input. This situation is generally avoided in circuits
designed for high performance. As a consequence, it is reasonable to expect
that traditional design techniques for high performance lead to circuits where
short-circuit power dissipation is not a major concern.

The third component of the total power dissipation in Equation 1.1is Peqkage
the power dissipated by leakage currents. Leakage power is mainly caused by
two phenomena: i) diode leakage current due to the reverse saturation currents
in the diffusion regions of the PMOS and NMOS transistors; ii) sub-threshold
leakage current of transistors which are nominally off [chan95]. Both currents
have an exponential dependence on the voltage: diode leakage depends on the
voltage across the source-bulk and drain-bulk junctions of the transistors, while
sub-threshold current depends on both the voltage across source and drain and
across gate and source.

Diode leakage is an important concern for circuits that are in standby mode
for a very large fraction of operation time and it is usually reduced by adopting
specialized device technologies with very small reverse saturation current. Sub-
threshold leakage is becoming increasingly important because of reductions in
power supply. As power supply voltages decrease, the transistor threshold
is lowered to keep turned-on transistors well within the conductive region of
operation. Consequently, transistors operating in a non-conductive region are
turned off only weakly, and conduct some current even in their “OFF” state.

In today’s VLSI circuits Piegrage is still a small fraction (less than 10%) of
the total power dissipation. Reductions in Pieakage is achieved mainly through
device technology improvements (diffusion region engineering and threshold

20



8 DYNAMIC POWER MANAGEMENT

control), and by enforcing stricter design rules. It may be possible, however,
that specialized design techniques for minimizing Peqkage may be required as
power supply voltages continue to decrease.

The last component in Equation 1.1 is the static power dissipation, Psiatic,
caused by DC current flow from Vy; to GND when the pull-up and pull-down
are both conducting and the gate output is not transitioning. Correctly de-
signed CMOS circuits do not have static power dissipation, and it is fair to
say that the absence of static power in nominal conditions dissipation is prob-
ably the most important distinctive characteristic of the CMOS technology.
Unfortunately Pgq:5c may become non-null in faulty circuits. Circuits where
DPyiatic # 0 must be detected and discarded because: 1) if present, Pgqs4. be-
comes the major contributor to the total power dissipation; ii) static current
in CMOS circuits is often associated with incorrect or unpredictable functional
behavior. As an example of a faulty circuit with Pgtqp. # 0 consider the in-
verter of Figure 1.1 (b) and assume that the gate of the PMOS transistor is
connected to GND (i.e., stuck at zero). When the input is high, both PMOS
and NMOS traunsistors are conducting and current flows from Vg to GND even
if the input is stable.

Summarizing the discussion on the contributions to power dissipation in
CMOS circuits, we conclude that the dominant fraction (around 80%) of Pq,,
is attributed to Pyynamic, the dynamic power dissipation caused by switching
of the gate outputs. The reader should refer to the detailed survey by Chan-
drakasan [chan95] for more information. The vast majority of power reduction
techniques concentrate on minimizing the dynamic power dissipation by reduc-
ing one or more factors on the right hand side of Equation 1.3. In the next
section we will consider each controlling variable in greater detail, and give
a brief overview of the techniques currently employed by designers to reduce
power dissipation.

1.3 DESIGN TECHNIQUES FOR LOW POWER

We focus in this section on synchronous CMOS circuits. Simply stated, we pos-
tulate the existence of a clock signal that has no functional value except for its
use in synchronization. Such an assumption is implicit in Equation 1.1, where
term f represents clock frequency. Assuming the presence of a clock signal with
extremely large load and very high switching activity is a questionable choice
for low power design. We will elaborate on this observation in the last part of
the section.

Practical reasons dictate our choice of focusing on synchronous circuits.
First, by far the vast majority of digital designs are synchronous. Second, de-
signers and engineers are well-accustomed to the synchronous design methodol-
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INTRODUCTION 9

ogy and flow. Third, many basic techniques developed for synchronous circuits
are applicable to general digital systems.

1.3.1 Power minimization by frequency reduction

The most obvious way to reduce power consumption seems to be to decrease
the clock frequency f. Decrcasing the clock frequency causes a proportional
decrease in power dissipation. However, in digital systems we are interested in
performing a given task (e.g., adding a finite stream of numbers). Slowing the
clock merely results in a slower computation and not in effective savings for
that task. The power consumption over a given period of time is reduced, but
the total amount of useful work is reduced as well. In other words, the energy
dissipated to complete the task has not changed.

Assume that we want to perform the task with a portable battery-operated
system. Assume the system is clocked with a clock period 7}, and the task
takes N clock cycles to complete. During each cycle, the system dissipates an
average power P. If we now decrease the frequency in half, we will dissipate
P, = 1/2P,, over the original time period, because average power is directly
proportional to the clock frequency. However, it now takes a total time of 2N T}
to complete the task. As a consequence, the average energy consumed by the
system is £ = P NT} in both cases. It is true that we consumed less power per
cycle with the slower frequency, but we had to operate the system for a longer
time to execute the same task.

Under the assumption that the total amount of energy provided to complete
the task is a constant, decreasing the clock frequency has negative consequences,
because it merely increases the time needed to complete the given task. This
observation has been often reported in the literature [chan95, burd95].

For portable systems, we are interested in power reduction as a way to max-
imize battery life. Recent studies [mart96] have shown that the total amount
of energy provided by actual batteries is not a constant, but depends on the
rate of discharge of the battery. Thus, the frequency of operation comes back
into play here. According to an empiric equation known as Peukert’s formula
we have [mart96]:

C = [la (1.5)
where C' is the total energy that can be drawn from a battery (also know as the
energy capacitance), x is a technology-dependent constant (a characteristic of
the particular type of battery used), I is the average discharge current, and « is
a technology-dependent fitting factor. For typical NiCd batteries, for instance,
« ranges between 0.1 and 0.3. The most important consequence of Equation 1.5
is that if we decrease the discharge current, we can actually increase the total
amount of energy that is provided by the battery. In other words, there may
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10 DYNAMIC POWER MANAGEMENT

be some advantage in reducing the clock frequency, because batteries are more
proficiently utilized when the discharge current is small.

Although this interesting and somewhat counterintuitive observation may
open a new avenue of research for portable systems where clock frequency is
reduced (thereby reducing the average current per clock cycle) to maximize
the energy capacitance, there are still other important factors that limit the
impact of power optimization techniques based on clock frequency reduction.
One factor is the constraint on peak performance. For many digital systems
such as microprocessors, peak performance is used for comparisons against the
competitor’s products when running benchmark programs and it is related to
the user waiting time which is subject to hard limits.

Even if peak performance is not the primary objective, a very large fraction
of digital systems are throughput-constrained. In order for the system to meet
the design specifications, a given number of computations per second must be
performed. This kind of specification is typical of signal processing systems
in which the sampling rate is often decided by high-priority system-level con-
straints. For both peak-performance-constrained and throughput-constrained
systems, clock frequency reduction is not a viable alternative for power op-
timization. Since such systems are the vast majority of VLSI applications
implemented today, clock frequency control is used only in conjunction with
other techniques to achieve power savings [chan95).

1.3.2 Power minimization by voltage scaling

Voltage scaling is the most effective way to reduce power consumption. This
is apparent from Equation 1.3, since Pgynemic has quadratic dependence on
the power supply voltage. A large body of research has been devoted to volt-
age scaling for power reduction. The most complete work in the area is the
pioneering research of Chandrakasan and Brodersen, summarized in [chan95].

In CMOS, reducing supply voltage causes the circuit to run slower. The
delay of a CMOS inverter can be described by the following formula [chan95]:

Cout"rdd — CoutVdd
I n(W/L)(Vaa — V1)?

where 71 is a technology-dependent constant, W and L are respectively the
transistor width and length, and V; is the threshold voltage. Many simplifying
assumptions are made in the derivation of Equation 1.6. The most important
assumptions are: i) the current through the MOS transistor is well fitted by the
quadratic model and ii) during the transient, the device controlling the charge
(discharge) of the output capacitance is in saturation.

Unfortunately, deep sub-micron devices such as those used in modern VLSI
systems are welocity saturated and are not modeled correctly by the simple

Ty = (1.6)
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quadratic model. A MOS transistor is said to be velocity saturated if no im-
provement in transit time of the electrons through the conductive channel can
be obtained by increasing the drain-source voltage. Equation 1.6 should not be
regarded as an accurate analytical model of gate delay (not even for a simple
inverter) because it assumes that Ty can be arbitrarily reduced by increasing
Via-

Nevertheless, the equation is important because it contains the variables on
which gate delay actually depends, and the nature of their effect is correctly
represented. In other words, 7, increases with Cyyy and L/W, and it strongly
depends on the voltage supply and the threshold voltage.
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Figure 1.2.  Gate delay versus supply voltage

We can study T as a function of the voltage supply with all other parameters
fixed. A plot depicting the functional dependency of delay from V4 is shown in
Figure 1.2. Two main features emerge from the analysis of the plot: i) further
increasing the supply voltage above 3V has little impact on performance and ii)
the speed decreases abruptly as Vyq gets closer to the threshold voltage V;. The
physical phenomena responsible for this behavior are respectively the velocity
saturation of the MOS transistors at high Vs [chan95] and the low conductivity
of the channel when V,, approximates V;.
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12 DYNAMIC POWER MANAGEMENT

If speed decreases when we decrease the power supply, power decreases as
well, and quadratically. Clearly there is no point in increasing the supply volt-
age beyond velocity saturation, because little, if any, performance advantage
can be obtained. This straightforward observation explains the supply voltage
reduction observed in CMOS circuits in the last few years. However, if power
dissipation is the primary target, we may push power supply reduction in the
region where some speed penalty is paid.

In the following discussion we target power reduction of a digital system
with throughput constraints and a fixed cycle time 7. We assume that the
system was originally designed to meet the minimum throughput constraints
(i.e. the slowest path of the circuit is matched to the cycle time T). If we
lower the power supply, the circuit becomes slower and the computation does
not complete within a single clock cycle.

However, the designer can still use voltage scaling to reduce power consump-
tion if design modifications are made to satisfy the throughput constraints.
This approach is known as architecture-driven voltage scaling [chan95]. The
transformations employed in architecture-driven voltage scaling are based on
increasing the level of concurrency in the system: more hardware is used and
several tasks are performed in parallel. Typical transformations are pipelining
and parallelization. However, pipelining and parallelization result in an area
penalty, because they require additional hardware. Increased area in turn im-
plies increased capacitance, which increases power dissipation. However, power
decreases quadratically with Vg but increases only linearly with switched ca-
pacitance. Thus, there will be a net reduction in power with these techniques.

lzlj
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—
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Figure 1.3.  Transformation for architecture-driven voltage scaling
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Example 1.1 This ezample is taken from [chan95]. Consider the add-compare
circuit shown in Figure 1.8 (a). The power consumed by the circuit is

1
Prey = CrerifT

The cycle time is matched to the critical path T = Tyqq4 + Temp and the
throughput constraint is 1/T add-compares per second. Hence, we cannot sim-
ply reduce the supply voltage. However, we can pipeline the circuit. The
pipelined implementation is shown in Figure 1.8 (b). The critical path becomes
Maz{Teqa, Temp} < T. Now we can lower the power supply until the new crit-
ical path matches T'. Notice that the switched capacitance is increased because
of the additional pipeline registers. The power consumed by the pipelined im-
plementation is, for the particular technology and implementation style of the
ezample [chan95]:

1
T

Alternatively, we can utilize a parallel architecture, as shown in Figure 1.3 (c).
Notice that the two parallel data-paths are clocked respectively on the odd and
even clock cycles, and the multiplezer selects alternatively the result of one or
the other data-path. In the parallel implementation, every add-compare circuit
has 2T — Tyuz to complete the computation, and we can lower the voltage sup-
ply until the critical path matches the available time. The power dissipation of
the parallel implementation is:

Pripe = Cpipe V.ope 1/ Tpipe = (1.15C ef) - (:58Vrep)? -

pipe

= .39P,.;

1
Poar = Cpar Ve 1/ Tpar = (2.15C5) - (.58V;ep)? - 57 = 36P,f

The two transformations can be combined to obtain a parallel and pipelined
implementation with even better power savings (and higher hardware overhead).
The power dissipation of the combined parallel and pipelined implementation is
Pparpipe = -2Pref'

Obviously there is a point of diminishing return for architecture-driven volt-
age scaling. As Vy approaches V4, the incremental speed reduction paid for
an incremental voltage reduction becomes larger. Moreover, the area cost of
highly parallel implementation increases more than linearly because of the com-
munications overhead.

Several other voltage scaling techniques for low power have been proposed
(Chandrakasan’s book contains an excellent survey [chan95]). However the
main limitation of all voltage scaling approaches is that they assume the de-
signer has the freedom of choosing the voltage supply for his/her design. Un-
fortunately, this is almost always impossible. For many real-life systems, the
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14 DYNAMIC POWER MANAGEMENT

power supply is part of the specification and not a variable to be optimized.
Accurate voltage converters are expensive, and multiple supply voltages com-
plicate board and system-level design and increase overall system cost. Thus,
it may not be economically acceptable to arbitrarily control the supply voltage.

Even if low-cost reliable voltage converters became widely available [stra94],
there is a more fundamental limitation. Device technologies are designed to
perform optimally at a given supply voltage. Since sub-micron devices are ve-
locity saturated, and there is almost no advantage in choosing a high voltage
supply, the semiconductor industry is moving to low-voltage technologies (the
current standard is 3.3V and advanced microprocessors are already operating
at 2V). In current (and future) technologies, voltage scaling will become in-
creasingly difficult because of reduced noise margins and deterioration of device
characteristics.

Although voltage scaling has limited applicability to standardized design
flows based on mainstream CMOS technology, several innovative CMOS devices
and circujts are under active investigation [chan95, usam95, saku96] that allow
dynamic control of voltage supply and threshold voltages. If such devices and
circuit techniques reach technological maturity, they may replace fixed-voltage
fixed-threshold CMOS technology for low power applications. The critical as-
sessment of the viability of these approaches is beyond the scope of this book.
We will conservatively assume that standard CMOS will be the mainstream
technology for the near future.

1.3.3 Power optimization by capacitance reduction

Equation 1.3 demonstrates that there is a linear dependence of Piynamic on
capacitance. The capacitive load C,,; of a CMOS logic gate G consists mainly
of i) gate capacitance of transistors in gates driven by G, ii) capacitance of
the wires that connect the gates and iii) parasitic (junction and gate-source or
gate-drain) capacitance of the transistors in gate G. In symbols:

Couwt = Cpo+Cy + C)p (1.7)

where C, is the input capacitance of fan-out gates, C,, is the wiring capaci-
tance and C), is the parasitic capacitance.

The fan-out capacitance depends on the number of logic gates driven by G
and the size of their transistors. The capacitance of a MOS transistor depends
on the technology (more precisely, the gate oxide thickness) and the dimensions
of the transistor, Cy = W Leos [ton, where €, is the electric permittivity of the
silicon oxide and ¢,, is the oxide thickness. Since ¢,, is set by the technology,
and it is not under the designer’s control, the gate capacitance can be reduced
only by shrinking the dimension of the transistors. Another way to reduce the
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contribution of Cj, is to reduce the number of fan-out gates. In technologies
with channel length above 1um, Cy, is by far the most important component
in C,yt. Unfortunately, this is not the case for today’s deep sub-micron devices,
with channel length in the order of .3um.

For deep sub-micron technologies, the wiring capacitance C,, is becoming the
dominant component of C,,;. It is extremely hard to estimate C,, accurately.
If the circuit is manually laid out, the topology of the wires and their sizing
can be decided by the designer (or at least estimated with some accuracy).
Unfortunately, state-of-the art technologies have multiple levels of metal and
extremely small minimum feature size and thereforc wires are very close to each
other. Hence, the coupling between wires is becoming the most important factor
for determining the wiring capacitance. Accurate modeling of such cross-talk
capacitance can be achieved only through expensive computations of two and
three-dimensional electric field. Even a rough approximation of these effects
requires a good deal of engineering ingenuity.

For automatically placed and routed circuits, the situation is even worse,
because the designer does not know what the wire’s topology and sizing will
be. The wiring capacitance can be estimated after placement and routing, but
it is not clear how the knowledge of the wiring capacitance after placement and
routing can be exploited to reduce the impact of C,. Currently the estimation,
and worse yet, the control of wiring capacitance is a problem for which no
satisfactory solution is available.

The parasitic capacitance C, is probably the component causing the least
concern, because it is well characterized and constant (to a first approximation)
since it depends only on the transistors of the gate itself, and it is relatively
small compared to the other two contributions.

In summary, in state-of-the art technologies, approximatively 50% of Cly:
is due to Cj,, 40% is due to C, and 10% is due to Cp. The wiring capaci-
tance already dominates C,; for data busses and global control wires, and will
become largely dominant in the coming years.

Reducing C,: not only decreases power but also reduces area and increases
speed. For this reason, techniques for capacitance minimization have been
practiced for a long time, in practice since the birth of VLSI technology. Ca-
pacitance minimization is not the distinctive feature of low-power design, since
in CMOS technology power is consumed only when the capacitance is switched.
Focusing on reducing power by decreasing C,,; is a tempting alternative since
it allows us to exploit the mature technology for area minimization (capacitance
is proportional to active silicon area).

What differentiates power optimization from capacitance minimization is
the fact that we do not need to minimize capacitance if it is seldom switched.
Although a minimum capacitance (i.e. minimum area) circuit has generally low
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power dissipation, a minimum-power circuit does not necessarily have minimum
capacitance. Pure capacitance reduction is not generally the most effective way
to reduce power dissipation because it is useless in reducing capacitance when
there is little activity. Moreover, as we will see later, a slight capacitance
increase (i.e. the addition of some redundant circuitry) may lead to remarkable
power reduction.

1.3.4 Power optimization by switching activity reduction

We can summarize the previous subsections as follows: the supply voltage Vg, is
usually not under designer’s control; the clock frequency, or more generally, the
system throughput is a constraint more than a design variable; and capacitance
is important only if switched. What really distinguishes power is its dependence
on the switching activity (i.e. factor K in Equation 1.3). More precisely, power
minimization techniques should target the reduction of the effective capacitance,
defined as Cepy = K - Coye- The fundamental equation of dynamic power
dissipation can be rewritten as:

denamic - Cefde?df (18)

Equation 1.8 helps clarify our fundamental claim: power minimization is achieved
through the reduction of C.s. It is important to reiterate the assumptions be-
hind this claim. First, Pyynamic is the dominant factor in power dissipation.
Second, V4 is a technology-related parameter that cannot be directly con-
trolled. Third, the performance (in terms of amount of work carried out in
given amount of time) of the system is constrained.

The implications of Equation 1.8 have been clear to digital designers for a
long time. In surveying the description of commercial chips with low power
consumption, it is obvious that once a technology and a supply voltage have
been set, power savings come from the careful minimization of the switching
activity.

While some switching activity is functional, i.e. it is required to propagate
and manipulate information, there is a substantial amount of useless activity
in virtually any digital circuit. Useless switching activity is due to: i) spu-
rious transitions due to unequal propagation delays (also known as glitches)
and ii) transitions occuring within units that are not taking active part in a
computation or whose computation is redundant. For example, the result of
an arithmetic operation is useless when an exception is raised that invalidates
it.

Thus, the key to designing low-power VLSI systems is to minimize the
amount of switching activity needed to carry out a given task within its perfor-
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mance constraints. There are many examples of effective applications of this
idea.

® Dynamic power management. The Nap and doze modes of operation in
portable computers [elli91, harr95, debn95, slat95] are examples of this ap-
proach to the reduction of useless switching activity. Power is reduced by
stopping the clock or shutting down the power supply of parts of the system
that are not required to carry out the current task. The same principle can
be applied at a finer granularity: the clock distribution to a unit in a chip
can be disabled at run time if the unit is not needed for a given computation.
The clock is enabled as soon as the unit is required.

m  Algorithmic transformations for signal processing tasks [meng95, chan95b,
mehr96]. Reducing the number of operations needed to carry out a given
computation may not be always useful in terms of performance (if the op-
erations are parallelizable), but it is often useful for reducing power. In this
case the functional switching activity is reduced.

®=  Communication protocol design [mang95]. Communication protocols can be
modified to improve the activity patterns. For example, a communication
protocol for pagers where a paging request may come at any time is less power
efficient than a synchronous protocol where a paging request may come only
in a periodic, short time window (called a slot). In the first case the receiving
unit must be continuously turned on, while in the second case it must be on
only during the time slots where some incoming data is expected.

m Memory allocation [pand96, gebo97] and bus cncoding [stan95, meh96a,
beni97b] techniques to minimize the power dissipated in memories and sys-
tem busses. Again power is reduced by minimizing the cost of communica-
tion. Bus encoding reduces the switching activity on highly-loaded system
busses, while power-conscious memory allocation tends to maximize the us-
age of local memory (registers, caches) that is inherently more power efficient
than remote memory (main memory, disk).

Notice that in many cases the reduction in Ceys comes with a concomitant
increase of C,,. For example, the addition of the circuitry for controlling sleep
modes in a microprocessor marginally increases the area, and consequently
the total capacitance. However, the C,,; increase is more than paid off by
the reduction of the switching activity. Whenever investigating some power
reduction technique that implies some area overhead, we should always consider
the trade off between increasing C,q and decreasing K, to guarantee an overall
decrease in Coyy.
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Design techniques that reduce the useful switching activity arc inherently
harder to apply than those targeting useless switching. Reducing useful switch-
ing is usually accomplished through algorithm redesign and optimization, a task
that largely relies on human skills. In this book we will investigate in detail
techniques based on dynamic power management for the reduction (or the elim-
ination) of useless switching activity and their impact on design methodologies
and flows.

1.3.5 Revolutionary approaches

Before concluding the section we briefly mention techniques for power reduction
that adopt a more radical approach by removing one or more of the assumptions
leading to the conclusions of Subsection 1.3.4. We call these approaches rev-
olutionary to contrast with the evolutionary nature of the power optimization
strategies previously discussed. We consider two revolutionary approaches that
have been proposed in the literature in the last few years, namely asynchronous
circuits and adiabatic circuits.

Asynchronous circuits [birt95] are an interesting alternative to standard syn-
chronous circuits for low-power design. Synchronous circuits define one or more
clock signals that are used to synchronize the sequential elements. Although
a common clock simplifies the interface of sub-modules in complex systems,
clocking circuitry is hard to design and power consuming. The C.ss of the
clock is almost invariably the largest of the chip, since it has large switching
activity and capacitance. Asynchronous design techniques eliminate the need
for clock signals. Units interface through handshake signals which are activated
only when necessary and do not require global synchronization. Several asyn-
chronous chips have been designed targeting low power [niel94, mars94, gars96].

It is often claimed that asynchronous circuits are inherently more power ef-
ficient than synchronous circuits because they eliminate global synchronization
signals that do not actually perform any “useful computation”. Furthermore, as
the size and clock speed of VLSI circuits increases, new clocking paradigms are
emerging that have much in common with asynchronous circuits: sub-units of
a large digital systems are clocked at different speeds and require handshaking
to communicate among them.

Unfortunately, asynchronous circuits have not yet become a mainstream
technology, mainly because of the lack of commercially-available computer-
alded design tools to help engineers design large chips and the overhead of
local handshaking signals that erode the claimed power savings. The few
large asynchronous designs described in the literature have not incontrovert-
ibly proven that there are substantial advantages with respect to synchronous
designs, mainly because they were compared to functionally equivalent syn-
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Figure 1.4.  Simple adiabatic inverter

chronous designs that were not optimized for power. Although we believe that
asynchronous design methodologies hold great promise, their final success as a
revolutionary design style for low power is yet to be realized.

Design techniques typical of asynchronous design have been employed within
the realm of synchronous circuits: a typical example is clock gating. With clock
gating, power is reduced by stopping the clock of idle units. Clock gating can be
seen as a specialized use of asynchronous techniques because the clock becomes
an activation signal that is provided to a sub-system only when its computation
is required. It is likely that asynchronous design techniques will be integrated
in the mainstream synchronous paradigm in an evolutionary fashion.

Adiabatic computation has been proposed as a low-power design tech-
nique [benn88, atha94, denk94]. The principles of adiabatic computation are
rooted in a simple physical principle: since power is p(t) = i(t)v(¢t), little power
is dissipated (and little heat is transferred to the environment) if the charge
transfer needed to perform computation is performed at v(¢) ~ 0. Obviously,
if v(¢) = 0 no charge is transferred. If we keep v(t) small and change it slowly,
we can transfer charge (i.e. perform useful computation) with minimal power
dissipation. Key to the practical applicability of adiabatic computation is the
quantitative meaning of the word “slowly”. For charge transfer to be adiabatic,
the transfer time must be 73 >> 7, where 7 is the RC time constant of the
circuit performing the computation.
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The simplest adiabatic circuit is the adiabatic inverter [denk94] shown in
Figure 1.4. When the input A switches, the CLK line is low. The transistor
is turned on, but no power is dissipated through it, because the voltage across
its drain and source is zero. When the transient on A is exhausted, the CLK
line is raised with a slow transition. In this case, “slow” means that the rise
time of CLK T;. has to be T >> C,, R, where R is the equivalent resistance
of the transistor and C,,; is the load capacitance. Since T} is slow, the output
voltage V. tracks the clock waveform and the voltage across the source and
drain of the transistor is always very close to zero (Vs & 0). Since power is
dissipated on the transistor resistance, P = VI = V2 /R ~ 0. Theoretically,
limr, 0P = 0. In practice T, ~ 10C,,,; R is sufficient for the circuit to operate
adiabatically, with negligible power dissipation. Notice that, at the end of the
transition on CLK, OUT is equal to A’, thus the circuit behaves as an inverter.

Several adiabatic logic families have been proposed [raba96] and actually im-
plemented in silicon, showing extremely low power dissipation. Unfortunately
there are numerous practical and theoretical objections to the concept of adia-
batic circuits. Probably the most convincing one has been proposed by Inder-
maur and Horowitz {inde94]. In their paper, the authors claim that adiabatic
circuits should be compared to voltage-scaled CMOS circuits with similar per-
formance, and show that the operation frequencies at which adiabatic circuits
become more power-efficient than voltage-scaled CMOS are extremely low.

Nevertheless, many papers have been presented where adiabatic circuits are
implemented successfully within standard CMOS systems [raba96]. It appears
that adiabatic techniques may help in designing critical sub-units and save
some power, but it is unlikely that fully adiabatic designs will ever become a
practical alternative to mainstream CMOS.

1.4 CAD TECHNIQUES FOR LOW POWER

Designers faced with the challenges of tight power constraints optimize power
dissipation following the basic principles outlined in the previous section. De-
signing for low power is at least as difficult as designing for maximum speed
or minimum area. Power dissipation is a pattern-dependent cost function,
unlike area, which is constant with respect to input patterns. Delay is pattern-
dependent as well, but as far as delay is concerned, we are interested in reducing
its worst case value (i.e. the critical path delay) and relatively simple and fast
estimates of the worst case can be obtained. The main source of difficulty in
low-power design is the dependence of power on the switching activity of the
internal and output nodes, which in turn depends on the input statistics.
Designers must rely on automatic optimization techniques, to speed up de-
sign turnaround time. Low-power designs are no exception. Since power be-
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comes increasingly important as a design evaluation metric, a new generation of
computer-aided design tools targeting power minimization is urgently needed
by designers. In the last few years, significant research and development effort
has been undertaken in academia and industry targeting the creation of a new
generation of CAD tools for low power. As a result, hundreds of papers and
several books have been published on the subject.

We will not attempt to provide a complete categorization of all computer-
aided techniques for power estimation and optimization. This is a formidable
task and it has been addressed by several authors [raba96, chan95b, nebe97].
Instead, we will focus on key ideas and try to provide some insight on why
they may be successful in practice or, on the contrary, why they are unlikely
to have a major impact. In our overview, we will move from the circuit level of
abstraction up to the system level.

1.4.1 Circuit-level techniques

Power estimation at the circuit level can be performed with traditional cir-
cuit simulation tools such as SPICE and its many commercial enhancements.
Circuit-level simulators must be integrated by accurate netlist extraction tools
in order to achieve a high level of accuracy. In state-of-the-art sub-micron tech-
nology, netlist extraction is a challenging task, but worst-case delay estimation
is the critical issue that drives CAD vendors towards ever increasing levels of
accuracy in netlist extraction. Average power estimation imposes less stringent
accuracy constraints on the extraction process, hence it can rely on technology
developed for delay estimation.

Efficiency and input selection is the fundamental issue in circuit-level power
simulation. Average power estimation requires: i) the selection of a set of
input vectors which represents the typical input excitation for the circuit and
ii) a fast simulation engine that can estimate the power dissipation for large
circuits and long streams of input patterns. The efficiency problem is addressed
by fast circuit simulators that achieve speedups of more than two orders of
magnitude with respect to SPICE. The increase in simulation speed is achieved
at the expense of a marginal decrease in accuracy and a more severe restriction
on the class of circuits that can be handled. Efficient power simulators are
commercially available and widely used [huan95]. They are probably the most
successful CAD tools for low-power design.

Input pattern generation and selection is still based on the designer’s intu-
ition and skill. In the last few years, a large amount of research has been de-
voted to this topic. Probably the most established technique is known as Monte
Carlo simulation [burc93]. Monte Carlo techniques are exploited in many fields
(device simulation, test generation, etc.). Monte Carlo simulation is based on
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Figure 1.5.  Flow of the basic Monte Carlo algorithm

an iterative process where random input patterns are generated and the target
circuit is simulated until a statistical convergence test on the estimate of the
average power dissipation has been satisfied (Figure 1.5). The main advantage
of the Monte Carlo technique is its generality. Any simulator can be used to
provide power estimates and the implementation of the statistical convergence
test is straightforward.

The most serious limitation of Monte Carlo simulation is the pattern gener-
ation process. In almost all practical cases, the input patterns provided to a
circuit during normal operation are not randomly generated. On the contrary,
they must obey to a precise set of conventions (for example, initialization se-
quences or programming sequences). If the input patterns are not carefully
chosen, the likelihood of bringing the circuit to a state which is never reached
during normal operation is extremely high. As a consequence, the power esti-
mate could be completely inaccurate. Many extensions and enhancements of
the basic Monte Carlo techniques have been proposed in recent years to ad-
dress this limitation [najm95]. Although some good progress has been made,
Monte Carlo techniques are still not mature enough to provide reliable power
estimates for large sequential circuits. In the majority of commercial designs,
input pattern selection is still a hand-crafted or partially automated process.
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Circuit-level optimizations for low power have been extensively investigated.
Probably the most well-known techniques are: transistor sizing, clock tree op-
timization, low-power placement, and transistor reordering. Transistor siz-
ing tools leverage non-linear optimization techniques such as convex optimiza-
tion [came85]. Refer to [cong97] for an overview.

An interesting type of transistor sizing tool is build around a circuit simu-
lator. Its structure is conceptually simple, and can be summarized as follows.
The initial specification is a transistor-level netlist where some geometric device
features (typically, transistor widths) are parametcrized. We can represent the
set of parameterized features by a vector w = [wy, ws, ..., w,]7. The optimiza-
tion engine searches for the values of the parameters that optimize a figure of
merit F(w) (in our case, power dissipation). Usually, there are constraints on
the ranges of allowable values for the components of w.

For a given value of w, w®, the value of the figure of merit F(w®) is computed
by running a circuit-level simulation. Usually, it is relatively straightforward to
compute the gradient of the figure of merit (VF(w?)) as well. This information
is exploited by general purpose non-linear optimization algorithms such as the
Newton-Ralphson method that iteratively compute a succession of values w”.
Convergence of w” to the point of global minimum for F is guaranteed only if
F'is convex. Even if F is non-convex (and this is the case when complex device
models are used in circuit simulation), it is often “well-behaved”: iterative
methods converge to good, albeit local, minima.

The optimization procedure terminates upon convergence and returns the
optimal value w* of device parameters which minimize power dissipation. Con-
vergence speed and solution quality can be improved if the designer chooses a
good initial guess for w°. Solid enginecring intuition and skill are still required
for successfully exploiting transistor sizing tools, but several research projects
have reported encouraging results [cong97]. Recently, commercial transistor
sizing tools for low power have been announced. The main limitation of tran-
sistor sizing is its limited scope of applicability: it can be used only in flows
where the designer can control the size of the transistors. In many cases this
is not possible: the atomic elements are cells belonging to a pre-defined and
pre-optimized library. Thus, transistor sizes can take very few values, and
transistor sizing has limited impact for library-based design flows.

Clock tree optimization is performed with similar techniques. In this case,
the parameters to be optimized are: 1) transistor sizes of clock drivers, ii) wire
sizes of the clock tree, and iii) structure of the clock tree itself. Under several
simplifying assumptions, clock trec optimization can be cast as a constrained
convex optimization problem which can be efficiently solved by non-linear opti-
mization techniques. Optimization of the clock distribution network is key for
low-power operation in high-performance circuits, since the capacitance driven
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by clock drivers is by far the largest on a chip, and it is switched twice every
cycle. Several researchers have focused on clock distribution optimization for
low power and have reported promising results [cong97].

Unfortunately, the most critical issue in clock design is skew control. Clock
distribution is often over-designed to minimize the risk of timing violation due
to clock skew in worst-case operating conditions. Functional correctness has
clearly higher priority than reduced power dissipation, and aggressive low-power
clocking styles have little chances of success if they reduce the reliability of the
clock distribution network. Hence, the impact of clock tree optimization is
limited by the need of meeting strict timing-related design constraints.

Placement algorithms for low power have received some attention as
well [cong97]. The fundamental intuition in these approaches is that the wire
length of connections with high switching activity should be minimized by
careful gate placement. The effective switched capacitance is thereby reduced
thanks to the minimization of the parasitic wiring capacitance. Placement for
low power leverages pre-existing placement algorithms by specifying a different
cost function. In traditional placement algorithms, capacitance reduction is
the objective, while low-power placement targets the reduction of the product
Cesr = K - Coye. Iterative heuristic algorithms, such as simulated annealing
or recursive bi-partitioning, are employed to minimize the objective function.
Although placement for low power does not require extensive algorithmic en-
hancements to traditional tools, it has not been very successful in commercial
applications. The most plausible explanation of this fact is that the results
published by researchers show marginal power savings.

Transistor reordering rules for reducing power dissipation have been pro-
posed by several researchers [cong97]. The target is a reduction of the power
dissipated by CMOS gates on internal parasitic capacitances. Additionally,
transistor reordering can be helpful in reducing the power consumed during
spurious signal transitions (glitches). Current technology trends have much re-
duced the potential impact of transistor reordering for the simple reason that
gate output capacitance is dominated by wiring and it is generally much larger
than internal capacitance. Nevertheless, input reordering (where inputs signals
are assigned to the pins of a gate so as to reduce its internal power consump-
tion) is applied at the logic level during technology mapping. Input reordering
is slightly less powerful than transistor reordering, but it has the key advantage
that it can be applied on library-based designs.

Example 1.2 Consider the pull-down network of Figure 1.6 {a). Assume that
the inputs are A, B, C and D, with probability of being high respectively pa = .1
pe = 4, pc = 4 pp = .8. Moreover, assume that the inputs are mutually
independent. In order to avoid the charging of the internal capacitances as
much as possible, we want to assign input low probability to pins that are toward
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Figure 1.6. (a) A pull-down network. (b) Equivalent network after transistor reordering

the top of the pull-down chain. Assume for instance that C1 = 20fF and
C2 = 40fF. The assignment: A - 1, B — 2, C = 3, D — 4 leads to
an equivalent charging capacitance Ceq = (14 .4) % (20 + .4 x 40) = 18. The
assignment A - 3 B - 1, C — 2. D — 4 leads to an equivalent charging
capacitance Cl, = (4 + .4) * (20 + .1+ 40) = 19.2. Thus, the first assignment
15 preferable.

If we allow transistor reordering, we can construct the equivalent pull-down
network shown in Figure 1.6 (b). In this case, the optimal assignment is A — 4,
B —2,C — 3, D — 1 which produces an equivalent capacitance Cy, = .1%x(40+
4 % 20) = 4.8. Unfortunately, transistor reordering requires the modification of
the pull-down network. This may not be allowed in a library-based design flow,
while simple input reordering is always possible.

1.4.2 Logic-level techniques

Logic-level power estimation and optimization has been one of the most exten-
sively researched area in the CAD community. For static CMOS technology,
power is modeled at the logic level since it depends on signal switching. Need-
less to say, some accuracy is lost (leakage power and short circuit power are not
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accurately modeled), but power estimates based on switching activity usually
correlate well with the actual power dissipation. Moreover, the accuracy of
logic-level power simulation can be much improved for library-based designs if
the library cells are pre-characterized and annotated. A few advanced logic-level
power simulation engines have been developed. They claim marginal accuracy
losses with respect to fast circuit level simulators accompanied by speedups by
more than two orders of magnitude [najm95].

Unfortunately, the speed of accurate logic power simulation is still insuffi-
cient for usage within the inner loop of iterative optimization algorithms. In
many cases only good relative accuracy is required to choose between alterna-
tive implementations or to evaluate the impact of a local optimization. Two
classes of power estimation approaches have been developed for this purpose.
Both classes share the common assumption that power can be simply com-
puted as the average number of signal transitions on circuit nodes weighted by
node capacitances. The first class is represented by logic simulators augmented
by Monte Carlo criteria to automatically detect convergence of average power
estimates. The main limitation of such tools is that convergence can be slow
when power estimates are required on a node-by-node basis. The second class
is known as probabilistic simulation. It attempts to obviate to the slow conver-
gence problem by avoiding simulation. In contrast, switching probabilities for
internal nodes are directly computed starting from the switching probabilities
of the primary inputs.

Several probabilistic methods for the computation of the switching proba-
bility of internal nodes have been proposed, spanning the trade-off between
accuracy and speed [najm95]. Unfortunately, all most efficient approaches ne-
glect spurious switching activity (also known as glitches) caused by unequal
signal arrival times at the input of logic gates. Morcover, probabilistic simula-
tion for sequential circuits is quite inaccurate because it models approximatively
the signal correlations introduced by state feedback. The limited accuracy of
probabilistic techniques can be tolerated when they are used for evaluating the
effect of local transformation of logic-level netlists. In other words, the local
and relative accuracy of probabilistic simulation is satisfactory, but their global
and absolute accuracy is not.

The latest generation of gate-level power estimation engines employs a hy-
brid approach. Standard logic power simulation is run at the beginning of an
optimization phase and on the final optimized implementation. The effect of
local transformations during optimization is efficiently estimated by probabilis-
tic simulation. As a final note on the topic, it is important to observe that,
despite the vast amount of research activity, the accuracy of logic-level power
simulation engines is not completely validated, and remarkable improvements
are to be expected in the near future, as new tools gain industrial acceptance.
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On the optimization side, a successful research effort has targeted the adap-
tation of traditional optimization techniques to thc new cost function. In par-
ticular all technology independent techniques (i.e. techniques that are applied
to abstract representation of the functional behavior of the target circuits)
based on the algebraic model [dmc94] have been revisited and modified to take
power dissipation into account [iman96]. The main challenge in adapting the
traditional approaches to the new cost metric is probably the fact that power
cannot, be predicted without taking into account its dependence on input pat-
tern distribution. In contrast, area is pattern-independent and speed, although
pattern-dependent, can be often safely approximated in a pattern-independent
fashion.

Unfortunately, the power savings claimed by technology-independent tech-
niques are often regarded with some suspicion by designers. The main reason
for the lack of confidence is that optimization relies on power estimation tech-
niques which are neither technically stable nor very accurate. It is often the
case that the power savings achieved by technology independent techniques
are below the uncertainty level of the power estimates. On the other hand,
experimental evidence [iman96] shows that technology independent power op-
timization can indeed lead to final implementations with reduced power and it
is reasonable to expect that some of the techniques presented in the literature
will be implemented in commercial synthesis tools.

The last phase of the logic synthesis process is called technology-dependent,
because it assumes the existence of a technology library of gate primitives. The
final product of the technology dependent phase is a mapped netlist: an inter-
connection of gate primitives belonging to the technology library. The process
of translating a technology-independent specification into a mapped netlist is
known as technology mapping (or library binding). Technology mapping for
low-power has been extensively studicd [tsui93, tiwa93].

Again, well-established algorithms targeting spced and area have been revis-
ited and adapted to the power cost metric. Compared to technology-independent
techniques, technology mapping can rely on much more accurate power esti-
mates. Hence it produces more reliable results. Low-power mapping techniques
have been implemented in commercial tools [keut96]. Two are the main weak-
nesses of library bindipg for low power. On one side, it is applied at a very
late stage of the synthesis process, thus it has a relatively small impact. On
the other side, it is still quite prone to inaccuracies, especially for sub-micron
technologies, because it does not accurately model the effect of wiring capaci-
tances.

To obviate to the second limitation, a new class of logic optimization
techniques has been recently investigated. We call these approaches re-
mapping [rofl96, vuill97, iman97]. Once the circuit has been mapped, placed
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and routed, wiring capacitances can be extracted from the layout and back-
annotated on the logic network. Based on such accurate information, re-
mapping techniques apply local transformations which target nodes (i.e. con-
nection) with high effective capacitance. The key idea is to attempt to eliminate
the high-power wires/gates, and to replace them with equivalent combinations
of gates and wires that dissipate less power. Re-mapping techniques have re-
ported promising results, and are particularly attractive because the uncer-
tainty on the quality of results is very small. No commercial tools based on
re-mapping are currently available, because the technique is relatively new, but
a commercial application of this interesting approach is to be expected in the
near future.

Re-mapping can locally change the functionality of a network. Several al-
gorithms have been proposed where local functionality is not changed, but
gates can be replaced by functionally equivalent cells that have different driv-
ing strength, internal delay or input load. Post-mapping optimization based
on this type of transformations is called re-sizing [coud96]. Resizing can be
highly effective for low power. The power consumption of a network is reduced
by slowing down non-critical paths. Cells that belong to non-critical paths
are replaced with functionally equivalent cells of smaller size which are slower
and less power-consuming. The speed of the circuit is not changed by resizing;
hence it is a very useful technique that does not involve any trade-off between
power and delay.

The optimization techniques outlined so far deal with the combinational
component of logic-level descriptions. Several algorithms targeting sequential
circuits have been developed as well. These approaches focus on the concurrent
optimization of both combinational logic and state-holding elements (latches
and flip/flops). For sequential circuits specified as finite-state machines (FSMs)
using state tables or equivalent formats, an interesting optimization problem is
state assignment. State assignment algorithms assign binary codes to symbolic
state names in a FSM specification trying to optimize a cost metric. It is
important to note that the choice of state codes influences not only the power
dissipation on the sequential elements, but also that of the combinational logic.
This is due to the fact that the next state computation, given a present state
and input value, is computed by the combinational logig of the state machine.

The complex {and still unclear) dependence of the area/speed/power of the
combinational logic from the state assignment makes the problem an interest-
ing challenge. Indeed, several researchers have worked on state assignment for
low power and numerous algorithins have been proposed [roy93, olso94, hahe94,
tsui94, beni95]. Unfortunately, the state assignment problem itself and, as a
consequence, the algorithms solving it, have limited practical relevance in the
power optimization arena. This is due to the fact that only small components of
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a digital system are specified as FSMs. Although such components do dissipate
power, they are almost negligible when compared the (much larger) fraction of
the system which is not specified as a FSM. State assignment for low power is
nevertheless an interesting theoretical problem. Its basic mathematical struc-
ture is similar to optimization problems such as bus encoding which have much
greater practical relevance.

Optimization techniques targeting sequential circuits described in a struc-
tural fashion as an interconnection of combinational gates and sequential primi-
tives have potentially a greater impact. In fact, they may target systems whose
state set is so large that it cannot even be enumerated in a reasonable time.
An example of such techniques is retiming.

Similarly to all other techniques described so far, retiming was originally
formulated to improve the performance of sequential circuits [dmc94], by mov-
ing sequential elements within a synchronous network. The retiming trans-
formation does not change the input-output behavior of the network, but it
completely changes the state space. Retiming for low power has been proposed
by Monteiro et al. [mont93]. The basic idea is that sequential elements can be
moved to positions where their presence reduces the global C.fs. If the wire
where the flip-flop is moved by retiming has high capacitance and large switch-
ing activity due to spurious transitions, the flip-flop will only latch the last
value appearing on the wire before the clock edge, and will therefore propagate
a maximum of one transition to the high capacitive load.

Obviously, retiming for power has to be constrained. The cycle time of the
circuit must not increase because of retiming, and bounds on the maximum
increase in the number of registers may be specified as well. The strongest
objection to retiming for low power is that it is very difficult to accurately
estimate the spurious switching activity in a logic circuit without layout data
back-annotation and accurate (and slow) simulation. When a flip-flop is moved,
glitches disappear on its output, but other glitches may be generated because
the timing of the combinational logic is changed. Consequently, it is hard to
estimate not only the opportunity of a retiming move, but also its impact on
the power dissipation of the final implementation.

All logic-level optimization techniques can be seamlessly integrated in a tra-
ditional synthesis-based design flow, but they share a shortcoming. Since they
are applied late in the design process, they produce relatively small power re-
duction. If a minimum-area speed-constrained implementation exceeds by 20%
or less the power budget, logic-level optimizations may actually succeed in pro-
ducing a final implementation which meets the requirements. This is not the
case when larger power reductions are desired. Obviously, one way to obviate
to this problem is to optimize power at higher level of abstraction.
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1.4.3 Behavioral-level techniques

Designing systems at the behavioral level is a relatively new art made possible
by the appearance and widespread diffusion of hardware description languages
(HDLs). Hardwarc description languages, such as VHDL and Verilog HDL, al-
low designers to describe the abstract behavior of a system using a specification
style similar to that of high-level software programming languages. While the
increased abstraction improves the designer’s productivity, it is much harder
to estimate the impact of design choices and to compare design alternatives.

Power estimation at the behavioral level is one of the most active research
areas, and the availability of robust and accurate behavioral power estimation
tools is critical for the success of design lows based on behavioral specification.
The pioncering work by Landman and Rabaey {land95, land96] represents the
first attempt to develop a methodology which is general enough to model sys-
tems of practical relevance and accurate enough to be useful.

Landman and Rabaey focused on digital signal processing systems described
in behavioral register-transfer (RT) style. The key feature of a RT description
is that it matches the logic-level implementation at the clock cycle bound-
aries. A RT description is an interconnection of basic blocks (also called units)
which contain executable functional models. The power estimation method-
ology associates to each unit a pattern dependent model of its internal power
consumption. Pattern dependence is modeled by expressing power as a function
P(sw;, sw,), where sw; and sw, are respectively the input and output switch-
ing probabilities. The switching probabilities can be obtained by running fast
RT simulation. Power is then estimated by computing P for each resource and
summing the power contributions.

The main limitations of the work by Landman and Rabaey are that power
models must be provided by the designer and that a numeric data representa-
tion scheme is assumed for all data communication. Several successive works
have addressed these limitations [hsie96, meht96, bogl97]. Commercial RT
power estimation tools have been developed and are available [keut96]. Obvi-
ously, estimation accuracy at the behavioral level is much reduced compared
to circuit or gate level power estimation. Fortunately, what is really important
at high level of abstraction is relative accuracy, which is needed to compare
alternatives and to explore the design space.

RT level descriptions are much more abstract than logic level ones, but
they are still too detailed to allow the exploration of complex trade-off be-
tween throughput, area and power. Although the interface of a system may
be constrained by interface requirements, there are multiple degrees of free-
dom in deciding how the computation to be performed within the system can
be distributed over time. The exploration and exploitation of these degrees
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of freedom is the main task of behavioral synthesis (also known as high-level
synthesis).

During behavioral synthesis, the specification is represented by a graph
(called control-data-flow or sequencing graph [dmc94]) where vertices are op-
erations and edges represent functional or control dependencies between opera-
tions. The mapping of this abstract structure to hardware is done in two steps:
scheduling and resource binding.

During scheduling, operations are assigned to the clock cycles in which they
will be executed. During resource binding the operations are mapped to actual
hardware resources (such as adders, multipliers, etc.). If the result of an oper-
ation is to be used in a clock cycle following its computation, it must be stored
in a sequential element (a register). Register binding is the part of the resource
binding step where the outputs of operations are assigned to registers. The last
part of resource binding is steering logic generation, where the hardware con-
nections among units or between units and registers are created. Steering logic
consists of multiplexers, decoders, encoders and data busses. A good overview
of behavioral synthesis can be found in [dmc94].

There are two basic approaches to high-level power minimization. One ap-
proach attempts to minimize the switching activity of the circuit, because ac-
curate estimation of the capacitance is not available at this level of abstraction.
In other words, this approach attempts to minimize the average activity factor
K of Equation 1.3. The second approach tries to minimize Cery = KCoyyt, by
taking the active area into account as well. This approach relies on behavioral
power estimation tools that provide accurate information on C\;.

We first outline the synthesis flow followed by techniques in the first ap-
proach. To collect information about the switching activity of the initial de-
sign, the behavioral description of the design is simulated, prior to scheduling
and resource binding. Each edge of the sequencing graph is associated with a
unique identifier called a varieble. Information on the switching activity of all
variables is collected. More precisely, an activity matriz is constructed. An ele-
ment of the matrix is the average number of bit differences between a variable
and all other variables.

The sequencing graph is then scheduled, usually with constraints on resource
usage, latency and throughput. After scheduling, resource binding is performed
targeting the minimization of switching activity. The key idea is to assign hard-
ware resources trying to minimize the average functional switching activity at
their inputs and outputs, since it is experimentally observed that low input
and output activity is accompanied by low internal power dissipation in reg-
ister and data-path units. Morcover, low switching on the input and outputs
implies that the capacitance associated with the steering logic is switched less
frequently.
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Raghunatan and Jha [ragh94] focus on binding of data-path units to mini-
mize their input-output switching activity, while Chang and Pedram [chang95]
focus on register binding. Mussol and Cortadella [muss95] modify the schedul-
ing algorithm as well in order to approximatively take into account switching
activity.

The reduction of the switching activity in the steering logic is targeted in
the papers by Dasgupta and Karri [dasg95] and by Raghunatan et al. [ragh96a,
ragh96b]. In the first paper, the authors target functional switching activity
in bus-based systems: exploiting the same intuition as in the resource binding
case, they assign data transfers to the bus in a sequence that minimize the
average number of transitions between values output on the bus in successive
cycles. By contrast, Ragunathan et al. target the useless switching activity
on the steering logic when it is not used to communicate data required for the
computation. Such switching activity is doubly harmful because it dissipates
power in both the steering logic and the units connected to it.

The techniques targeting minimization of C, s leverage the behavioral power
estimation capability of a class of power analysis tools that has been recently
developed [land96, sanm96]. The key improvement of these analysis tools with
respect to behavioral simulation is that they exploit power information on data-
path units, steering logic and registers that have been pre-characterized once
for all in a preliminary step.

Behavioral power analysis tools are fast, therefore they can be used in the
inner loop of an optimization algorithm. The basic low of power optimization
is the following. First, a scheduling and resource binding is generated, then the
analysis tool is used to estimate its power. Alternative solutions are then gen-
erated and their power consumption is estimated as well. Finally, the solution
with minimum estimated power is chosen.

What differentiates the approaches in this area is the strategy used to gener-
ate alternative solutions and the behavioral power estimation tool used. Chan-
drakasan et al. [chan93b] propose a transformation-based approach. The syn-
thesis tool operates a sct of power-optimizing transformations on the original
specification. Transformations that deeply modify the structure of the circuit
are first applied one at a time using heuristic rules. The best resulting circuits
are then memorized and become the starting points for a probabilistic algo-
rithm that attempts to further improve power dissipation by local, low-impact
transformations. The power analysis tool used to estimate the quality of the
generated solutions is pattern independent. The power of an implementation
is estimated using only information on the switching activities of the variables
in the control data-flow graph (collected once for all at the beginning of the
synthesis process) and the back-annotated library of hardware component used
for synthesis [land96].
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In contrast, Kumar et al. [kuma95], propose an approach based on pattern-
dependent power estimation. A fast simulation with a user-specified input pat-
tern set is performed on a candidate solution, and the power is estimated using
the switching activities and the back-annotated library of components. Notice
that, in contrast to the approach of Chandrakasan et al., a new simulation is
performed for each candidate solution. The candidate solutions are generated
from a set of valid solutions that satisfy timing and area constraint using simple
enumerative techniques.

Our brief overview of behavioral synthesis techniques for low power shows
that the abstractions and transformations are the same used for traditional
cost metrics, with the modifications required by a new (and highly complex)
cost function. Despite the large amount of research activity, high-level power
optimization is not a mature area. First, the lack of a large set of publicly avail-
able benchmarks severely limits comparisons and neutral evaluations. Second,
the power reductions claimed by several researchers, even on carefully selected
benchmarks, are often smaller than what could be expected (usually below 50%
with respect to minimal-area, timing-constrained implementations). Arguably,
the main reason for the somewhat disappointing results is the inaccuracy of the
power model used for driving optimization.

Commercial success of high-level power optimization techniques depends on
an essential prerequisite: a generalized adoption of a design methodology based
on behavioral synthesis. Currently, the number of systems designed at the
behavioral level is a small fraction of those designed at the RT or logic level,
hence the market for high-level power optimization tools is relatively small. On
the other hand, the rapidly increasing complexity of designs and the fast turn-
around time are strong motivators for a paradigm shift toward behavioral-level
design.

1.4.4 System-level techniques

Even the most enthusiastic supporters of synthesis for low power admit that
there is a significant gap between the power reductions attainable with the
optimization approaches summarized in the previous subsections and the results
obtained by carefully hand-crafting a system with low power consumption as a
primary target. Specifically, it is unlikely that the combined effort of high-level,
gate-level and circuit-level optimizations would reduce power by more than
factor of two in average. Technology roadmaps and trend analyses [sema97]
clearly show that this result is far to be sufficient. Power dissipation is expected
to grow at a fast rate and reductions of more than one order of magnitude will
soon be requested.
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Digital designers have promptly adjusted to the challenges posed by low
power design. Designer skills, technology improvements and CAD tools may
actually be successful in keeping power consumption under control at the chip
level. Unfortunately, software engineers and system architects are often less
power-conscious than digital designers. Hence, power-efficient hardware is of-
ten employed in a power-inefficient fashion, and architectural choices are often
based only on intuition, which, in the case of power, is often deceiving. Ulti-
mately, the frontier of low power design is at the system level.

One of the main difficulties in dealing with system-level power optimizations,
is that the scope of the problem itself is not clearly defined. In this book, we
call system an interconnection of resources which are separately designed. The
resources may be heterogeneous (electronic, electro-mechanical, optical, etc.),
and system-level design deals with connecting the resources, setting up com-
munication and operating the resources in a functionally correct and efficient
fashion. All practical digital devices (cellular phones, computers, digital assis-
tants, etc.) are systems, according to the previous definition. A chip can be a
system if its components are designed and optimized one at a time as separate
resonrces.

Although the bulk of research effort on computer-aided power optimization
has been focused on the lower level of abstractions, a few research groups have
dedicated some attention on system-level CAD tools. We will review here the
basic concepts and ideas, and give references to more detailed information. The
group lead by Rabaey has focused on signal processing systems based on ded-
icated ASICS [guer94, mehr96, lids96]. Guerra et al. [guer94] introduced the
notions of algorithmic properties which correlate well with power dissipation
area and speed. The intuition is that the analysis of an algorithm expressed
in a high-level programming language can provide information about its hard-
ware implementation. Obviously the information is not accurate in absolute
terms, but it is sufficiently informative to help the designer in the choice among
alternative and functionally equivalent algorithms.

Mehra et al. [mehr96] carried on this concept and formulated a low-power
scheduling procedure which takes into account communication cost. The key
intuition is that power in real-life systems mainly dissipated in “communication
channels” (busses and steering logic) more than in computational elements.
Although Mehra’s scheduling algorithms belongs to the class of behavioral-
level synthesis techniques, it is based on an abstract (and highly relevant for
power optimization) cost metric that could be employed for scheduling at even
higher level of abstraction.

On the estimation front, Lidski et al. {lids96] proposed a spreadsheet-based
system-level power estimation tool called Powerplay. The main purpose of
Powerplay is to help the designer in investigating the effect of design choices
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on power dissipation. A system is represented by a collection of resources and
of usage data. For each resource, a power model must be provided which cor-
relates usage data with power dissipation. The information is organized on
a spreadsheet-like data structure (i.e. a matrix) in which columns represent
resources, and rows represent usage conditions. Each matrix element repre-
sents the power dissipation of a resource under a given usage condition. When
the designer wants to evaluate the effect of a change in usage condition (or
the impact of a new resource), it merely modifies the corresponding row (col-
umn) in the spreadsheet and re-computes the power dissipation. Although the
method gives very rough power estimates, it is very helpful in the first phases
of the design process, when the designers want to “play” with alternatives (i.e.
heuristically explore the design space).

Potkonjak et. al. [hong96, kiro97] explore several techniques for power opti-
mization at the system level. In [hong96] the authors consider the problem of
scheduling tasks and disk location assignments for real-time systems to mini-
mize power dissipation. In [kiro97], the scheduling of tasks (with hard real-time
constraints) on multiple processors for minimum power is considered. In the
first work the key idea is that power can be reduced by first increasing the speed
beyond what is barely necessary to meet timing constraints, then by reducing
the voltage supply of the components, slowing them down until the timing con-
straints are barely met again. This is obviously the same concept exploited
in power-driven voltage scaling and it suffers the same limitations, namely the
practical difficulties and costs involved in the usage of variable supply voltages.
However, at the system level the large size and small number of components
may actually allow multiple (and adjustable) voltage supplies.

The second work presents a heuristic scheduling algorithm based on the
hypothesis that the workload of a given task can be performed by several pro-
cessors with different performance levels (and power costs). Starting from an
initial feasible randomized solution, the algorithm randomly attempts to re-
move or add components, and accepts the best solution over a set of attempts.
The greedy randomized procedure continues until there is improvement. An
“optimal” resource binding is returned upon termination. The algorithm then
moves to the active scheduling phase where tasks are mapped onto processors
in a heuristic fashion, trying to assign tasks on processors that execute them
in a maximally power-efficient fashion.

In processor-based systems, a relevant fraction of the total power budged
is consumed in memories and busses. There is a power cost for each memory
access and bus transaction. Power can be reduced by minimizing the memory
accesses, and clustering them in patterns that minimize the cost of bus trans-
actions. These problems are tackled in [pand96] and [gebo97], where memory
allocation techniques for reducing power consumption are developed. Internal
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registers and memory hierarchy can be exploited to reduce the likelihood of
power-expensive accesses to disks or slow and large memories. Accesses can be
reordered to minimize the transition activity on memory busses. The average
number of transitions on bus lines can be further reduced by power-conscious
bus-encoding techniques [stan95, meh96a, beni97b).

Software power minimization and compilation techniques for low power con-
sumption have been studied by Wuytack et al. [wuyt96] and by Tiwari et
al. [tiwa94]. Wuytack et al. performed a detailed study on power efficient
data-structures. Again the purpose is to minimize the power dissipated in
memory accesses, but here complex and general data structures are considered,
while the previous memory-related power optimization techniques operate at
a lower level of abstraction (i.e. instruction level and word level). Tiwari et
al. first proposed an instruction-level power model for general-purpose as well
as DSP processors, then exploited the model to find code optimizations which
can be automatically applied during compilation.

The results for general-purpose microprocessors are somewhat disappointing
because they seem to indicate that power is reduced mainly by reducing the
dynamic count of executed instructions. This is exactly the same objective
targeted by compilation techniques for high performance. The results seems
to indicate that low-power compilation techniques are likely to have marginal
impact. However, the conclusion may be an artifact of the excessively simpli-
fied instruction-level model proposed by the authors, that does not allow to
accurately capture the effect of internal processor memory, pipeline stalls and
memory hierarchy.

For DSP processors, low-power compilation techniques based on the
instruction-level power model have produced more interesting results. In par-
ticular, it was shown in {lee95] that instruction scheduling has sizable impact
on global power consumption. This result can be explained by observing that
the hardware implementation (and power dissipation) of DSP processors is
dominated by the functional units in the data path, hence there is a strong
correlation between the executed instruction and the execution unit involved
in the computation.

More recently, a refined power estimation method for general-purpose mi-
croprocessors has been proposed [hsie97]. Given a microprocessor, its memory
systems and the executable of a target application, the method estimates the
average power dissipation of the application by running a much shorter (as far
a dynamic instruction count is concerned) automatically-generated program on
the microprocessor. The technique takes into account the effect of memory hi-
erarchy (cache misses, and miss penalties) as well as the dynamic instruction
mix. We conjecture that the new power model is more suitable than simple
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instruction-level power costs for formulating aggressive compiler optimizations
for low power.

1.5 POWER MANAGEMENT

In the previous section we have purposely ignored a set of techniques based
on the key concept of dynamic power management. The detailed analysis of
dynamic power management, applied at all levels of abstraction, will be the
focus of the remaining chapters. This section is dedicated to a comparative
analysis based on general observations. As we already pointed out, the majority
of techniques described in the previous section can be seen as extensions of
classic synthesis algorithms where cost functions have been changed and the
algorithmic framework slightly tuned.

Although these “evolutionary” techniques are undoubtedly powerful and rel-
evant, they do not capture an essential characteristic of power consumption for
static CMOS circuits. In static CMOS technology, quiescent portions of a
system dissipate a minimal amount of power. In other words, power can be
reduced even if more hardware is instantiated (i.e. area is increased) when we
can guarantee that large circuit blocks are frozen in a quiescent state. This
statement warrants further discussion. First, it is important to note that the
necessary condition for the statement to be true is the existence of low-power,
high performance shutdown mechanisms. The presence of shutdown circuitry
is not required for functional correctness, and thus it can be seen as pure
functional overhead. Such overhead must be small: the performance of the
power-managed system should never deteriorate up to violating performance
constraints. Similarly, the power dissipation of the shutdown circuits should be
small compared to the power saved in the component that is kept quiescent.

Second, the system implementation must allow shutdown of one or more
of its parts. If a system is fully utilized for the entire operation time, shut-
down is obviously impossible, and dynamic power management useless. Power
management exploits idleness caused by system under-utilization. It may be
observed that, if the system is underutilized, it is not well designed and could
be optimized to eliminate redundancy. This conclusion is almost never true.
For almost any conceivable practical system, the utilization is not constant.
Designers naturally (and rightfully) focus on worst-case conditions, peak per-
formance requirements and peak utilization. As a result, systems are often
designed to operate under high utilization, but they are actually fully exploited
during a relatively small fraction of their lifetime.

Obviously there are critical devices which operate almost always under max-
imum sustainable load. For this type of devices, power management is not
effective (or it has marginal impact). Fortunately, this is not the case for the

50



38 DYNAMIC POWER MANAGEMENT

majority of devices for which low power consumption is key for commercial
success. As a motivating example consider portable equipment for personal
computing and communication. For all currently available communication de-
vices, the idle (or partially idle) times are usually much longer than the fully
operational times. Nevertheless, the devices are designed to provide high per-
formance levels when in use. Dynamic power management explicitly targets
these non-stationary-load systems.

In the perspective presented so far, dynamic power management is a rem-
edy whereby the designer (or the CAD tool) may be able to eliminate a siz-
able fraction of the useless switching activity that consumes power without
producing useful results. The key issues to be addressed for the implementa-
tion of dynamic power management schemes for elimination of useless switch-
ing activity arc: i) identification of idle conditions, ii) selection of the most
power-consuming idle conditions, iii) optimal design of the power management
circuitry. A successful power management strategy must provide satisfying so-
lution to all three issues. Clearly many complex tradeoffs are involved: there
is always a compromise between effectiveness in identifying idle conditions and
implementation cost of power management circuitry.

Elimination of wasted power has been the primary focus of power manage-
ment schemes. We take a more aggressive standpoint. Power management
can be exploited as a design tool for actively reducing power consumption even
when idleness is not apparent. Several examples of this concept will be provided
in the next chapters. A system should be designed taking power management
into account: the functionality can be partitioned in tasks which arc mutually
exclusive and idle for a large fraction of the operation time, and communication
protocols which allow the exploitation of idleness should be envisioned. These
are simple examples of how power management can directly influence the ac-
tive design cycle, and not only be relegated to a role of post-optimization and
tuning.

An even more radical view point could be taken. We have always assumed
that power management should never impose a significant performance degra-
dation when the system is fully active. In many practical examples, even this
assumption can be relaxed. Consider for example a portable device such as a
laptop computer. It is possible to envision a graceful degradation operation
mode as batteries discharge. The key intuition here is that what really matters
in many cases (more than sheer performance) is a balance of performance and
availability. In extreme conditions we could tolerate (and even not perceive) a
controlled performance degradation if functionality is still provided for a longer
period.

There are even more serious reasons for investigating power management
policies that reduce performance. High power dissipation is associated with
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heat that must be adequately dissipated, otherwise temperature may raise and
abruptly reduce reliability or even directly cause functional failure. If cooling
devices are insufficient to keep temperature under control, power dissipation
must be reduced even at the price of a sizable performance penalty.

In summary, we have outlined three flavor of dynamic power management.
The first and most conservative targets the reduction of wasted power at no (or
little) performance cost. The second drives system partitioning and decompo-
sition to produce an implementation where locality of computation is high and
idleness can be easily detected and exploited. The third and most aggressive
allows sizable performance decreases, if either availability or functional correct-
ness may be compromised. The detailed description of how to implement power
management schemes at various level of abstraction and how to exploit power
management at different levels of aggressiveness is the core contribution of the
following chapters.
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Et chaque vérité que je trouvais étant une régle qui me servait aprés a en trouver
d’autres.

And each truth that I found became a rule which served afterwards for finding
others.

—R. Descartes

41
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2.1 INTRODUCTION

The main purpose of this chapter is to provide the necessary background for the
ideas and algorithms presented in the following chapters. In the second section
we define the basic concepts of Boolean algebra and of finite-state machines
with binary inputs and outputs. This material is prerequisite for the rest of
the chapter.

In the third section, we delve into the algorithmns and data structures for
the manipulation of large Boolean functions and finite-state machines. We will
then extend our treatment to similar structures and algorithms for dealing with
a generalization of Boolean functions known as discrete functions.

In the fourth section we will describe the analysis techniques that allow
the accurate estimation of the power-related cost functions that drive power
optimization algorithms. The theory of finite Markov chains will be briefly
reviewed and algorithms for dealing with small and large-size Markov chains
will be described.

2.2 BOOLEAN ALGEBRA AND FINITE-STATE MACHINES

The following treatment is by no means complete. The reader is referred to
the many books on Boolean algebra and sequential machines published in the
last few decades (see, for example [koha70, davi78, brow90]). We adopt the
formalism and terminology used by De Micheli [dmc94].

2.2.1 Boolean algebra

A binary Boolean algebra is defined by the set B = {0,1} and the operations
disjunction and conjunction which are represented by the symbols +, -, re-
spectively. Disjunction is often called sum or OR, while conjunction is called
product or AND. We will use these terms interchangeably.

The multi-dimensional space spanned by n binary-valued variables is denoted
by B™. A point in B™ is a binary-valued vector of dimension n. Every variable
is associated with a dimension of the Boolean space and is called a Boolean
variable. In addition, any Boolean variable a with values in B has a complement,
denoted by a’, such that a +a’ = 1, a-a’ = 0. A literal is an instance of a
variable or its complement. For convenience, we define the ezclusive or (XOR)
operation, denoted by the symbol @, as a &b = ab’ + a'b.

A completely specified Boolean function is a mapping between Boolean spaces:
f:B™ — B™. An incompletely specified Boolean function is defined over a sub-
set of B™. The points where the function is not defined are called don’t care
conditions. For the sake of compactness, incompletely specified functions can
be represented as f: B™ — {0,1,—}™, where the symbol “—” denotes a don’t
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care condition. For each output, the subset of the domain for which the func-
tion assumes values 1, 0 and — are respectively called on set, off set and don’t
care set. Don’t cares can be divided into two classes. Observability don’t cares
(ODCs) are points in B™ for which the value of function f is not specified
because it is not observed (hence, it can either be one or zero). Controllability
don’t cares (CDCs) are points in B™ for which the value of the function is not
specified because its inputs arc guaranteed never to assume the value of the
points.

In order to simplify the following treatment, we restrict ourselves to single-
output Boolean functions, i.e., f : B* — B. Generic (multiple output) Boolean
functions can be represented as arrays of single-output Boolean functions f =
[f1, f2, -, fm]. We also define two special Boolean functions: i) 1 : B® — {1}
(also known as tautology) and ii) 0 : B™ — {0} (the null function). Tautology
maps all points in B™ to the point 1 in B. The null function maps all points
in B™ to the point 0.

Let f(zy,x2,...,2n) be a Boolean function of n variables. We call the set
{z1,z2,...,2n} the support of the function. We now give some definitions that
will be extensively used.

Definition 2.1 The positive cofactor of f(xy,x2,...,z,) with respect to vari-
able ©; is
fz,' = f(.'L'l,iL'Q, sy Ti—1, 1,$i+1, ,.’L'n)

The negative cofactor is

lel = f(l'l,.'EQ, ...,l‘z'_l,(), ZEi+1, ,:L'n)

In words, a cofactor of a Boolean function w.r.t x; is the restriction of the
function to the semi-space where variable x; has a fixed value. Hence, the
support of the cofactor does not contain z;, because f,,, f,» do not depend
on z;. The definition of cofactor allow us to define three impjortant operators
of Boolean algebra, namely Boolean difference (Boolean derivative), consensus
(universal quantifier) and smoothing (existential quantifier).

Definition 2.2 The Boolean difference of f(z1, %2, ..., xn) with respect to vari-
able T; is Of/0z; = fr, ® far.

The Boolean difference represents the sensitivity of the value of f to the value
of x;, in other words, 8 /0z; = 1 {or all values of input variables (different from
z;) for which a value change on z; causes a value change of f.

Definition 2.3 The consensus of f(z1,2a,...,x,) with respect to variable z;

1S Ve, f = [z, ff”:
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The consensus is a fundamental operator in Boolean algebra and will be often
used in this book. It represents the component of f whose value is independent
of z;. In other words, V,, f is 1 for all values of input variables (different
from z;) for which f = 1 no matter what the value of z; is. We will often
call consensus the universal quantifier with respect to z;, because it represents
conditions that make f = 1 for all values of z;

Definition 2.4 The smoothing of f(r1,za,...,2,) with respect to variable x;
8 Hzif = fzi + fz:

The smoothing is the dual of the consensus: 3, f is 0 for all values of input
variables (different from ;) for which f = 0 no matter what the value of z; is.
The smoothing is often called existential quantifier.

The greater or equal relation between two Boolean functions f > g holds if
and only if f-¢' = 1. An equivalent notation is g = f (g implies f). The
definitions given so far will be clarified through an example.

Example 2.1 Consider the Boolean function f(a,b,¢) = ab+b'c+a'b'c’. The
positive cofactor w.r.t. ¢ is fo = f(a,b,1) = ab+ b1 +a'b’0 = ab+b'. The
negative cofactor is fo = f(a,b,0) = ab+ V'0 + a'd'l = ab+ o'V. The partial
derivative is 0ff/0c = f. & fl = (ab+ V') & (ab + a'V') = ab'. The universal
quantifier isV.f = f.f. = (ab+b")-(ab+a'b') = ab+a'b'. Finally, the existential
quantifier is 3o f = fo + fl = (ab+ ') + (ab+ a'V') = ab + b'. Notice that all
operations involving cofactors reduce the support of the function by eliminating
the variable with respect to which the cofactors are taken. As an example of >
relation, observe that 3.f > V. f (this is actually true for any Boolean function

f).

Boolean functions can be represented as sets because there is an isomorphism
between set algebra and binary Boolean algebra. We will sometimes adopt the
set representation, because it helps clarifying some concepts. A minterm of a
function is a point in the n-dimensional Boolean domain of a Boolean function
where the function has value 1. Thus, a completely-specified Boolean function
can be represented by the set of its minterms (i.e., on set). An incompletely
specified Boolean function is defined by two sets (either on set and off set, or
on set and don’t care set, or off set and don’t care set).

Any Boolean function can be represented as a sum of products (SOP) of
literals, or as a product of sums of literals. A product of literals is often called
a cube. One particular sum of product representation is the minterm canonical
form, where each product has n literals. Each product in the minterm canonical
form is a minterm of the function. This representation is unique for any given
function.
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Figure 2.1.  Pictorial representations of a Boolean Function

Example 2.2 Refer to function f of Example 2.1. A sum of product repre-
sentation of f is f = ab+ bc+ a'b'd, but so is f = abc + abc’ + b'c + a'b'c’.
Hence, there are many SOP representations for a single Boolean function. The
minterm canonical form of f is: f = abe + abc' + ab'c + a'b'c + a'b'c’. The
function has five minterms. Figure 2.1 shows three equivalent graphical repre-
sentations of f. In Figure 2.1 (a), the three-dimensional cube represents B*
and the darkened vertices are the on set of f. In Figure 2.1 (b), the Karnaugh
map of the function is shown [mccl86]. Finally, Figure 2.1 (c) shows the rep-
resentation of the function as a list of cubes: the “1” represent positive literals,
the “0” negative literals and the “—” literals that do not appear in the product.
For instance, ab' — 10— and ab’c’ — 100.

Several important definitions and concepts are related to the SOP represen-
tation of Boolean functions.

Definition 2.5 An implicant of a Boolean function f is a product p of literals
such that f > p.

Any product in a SOP representation is obviously an implicant of f. Par-
ticular relevance has the concept of prime implicant.

Definition 2.6 A prime implicant of f is an implicant of f that is not con-
tained in any other implicant.

To better understand the definition, notice that a product in a SOP rep-
resents a set of minterms. If we drop a literal from a product we ezpend the
product (i.e., we increase the number of minterms it contains by a factor of 2).
A prime implicant is a product that cannot be expanded. If we expand a prime
implicant, some of its minterm will not be contained in the on set of f. Thus,
the product is not an implicant any more.
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Definition 2.7 A cover of a Boolean function is a set (list) of implicants that
covers all its minterms

Any SOP representation of a Boolean function is a cover. A cover is called
prime if it contains only prime implicants. A minimum cover is a cover of min-
imum cardinality. The concept of minimum cover is important because there
is correlation between the number of implicants in a cover of a function (and
the number of literals in a cover) and the area of the hardware implementation
of the function [dmc94, mccl86]. Numerous algorithms for the minimization of
covers have been developed in the recent past (the book by De Micheli [dmc94]
contains a good overview). Such algorithms are based on the following theorem:

Theorem 2.1 [Quine theorem]. There is a minimum cover that is prime.

The most important implication of this theorem is that it defines the search
space where a minimum cover can be found. If we restrict our search to covers
formed by prime implicants only, we are guaranteed to find a minimum cover.
Although the number of prime implicants can be exponential in the number
of inputs of a Boolean function, several exact and heuristic algorithms for ef-
ficient SOP minimization based on Quine theorem have been developed and
successfully applied in industrial-strength CAD tools.

Boolean algebra provides a convenient framework for reasoning about prop-
erties of digital circuits. In particular, the steady-state input-output behavior
of a feedback-free digital circuits (a.k.a., combinational circuits) can be mod-
eled by a multi-output Boolean function. Large combinational circuits are often
better described in a structural fashion by logic networks (also called combina-
tional networks). A logic network is an interconnection of modules, represent-
ing input/output ports, logic gates or single-output logic functions. The logic
network can be represented as a directed acyclic graph (DAG), with vertices
corresponding to the modules and edges corresponding to two-terminal nets to
which the original module interconnects are reduced.

Notice that a circuit behavior (i.e., a multiple output Boolean function) can
be mapped to many equivalent structures. The lack of uniqueness is the main
limitation of the structural description. Given two circuit descriptions, check-
ing their equivalence is not an easy task. On the other hand, there are Boolean
functions for which all known abstract descriptions have unmanageable size.
For such functions, a structural representation is the only viable alternative.
Moreover, structural descriptions are conceptually closer to the physical imple-
mentation, and are widely used for simulation and performance analysis.
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2.2.2 Discrete functions

We have introduced the concept of Boolean function, a mapping from B” to
B. We now present a simple extension of Boolean functions, namely discrete
functions.

Definition 2.8 A discrete function f : B = V is a mapping from a Boolean
space to a finite set V.

Discrete functions encompass Boolean functions as a particular case. When
V = B = {1,0}, a discrete function is Boolean. Notice however that discrete
functions are not more expressive than Boolean functions: since set V is finite,
we can “encode” it with N, = [logs|V]] binary variable. Thus, a generic
discrete function f can be represented by a multi-output Boolean function
and an encoding function. Despite this fact, discrete functions are a useful
abstraction that will be employed in the development of algorithms for power
minimization.

2.2.3 Finite-state machines

We formally define a finite-state machine with binary inputs and outputs as a
6-tuple (X, Z, S, s°,8, ), where X = B™ is the input space, Z = B™ the output
space, S is a finite set of states, s° is the initial (reset) state, d(z,s) : X xS = S
is the next state function and A(z, s) : X xS — Z is the output function. FSMs
are categorized in two classes [hart66, henn68, koha70]:

Definition 2.9 A Moore machine is a FSM where A(z,s) = A(s), i.e., the
outputs do not depend directly on the input value, but they depend only on the
state. A Mealy machine is a FSM for which this property does not hold.

Finite-state machines can be incompletely specified. An incompletely speci-
fied FSM is one where d(z, s) and/or A(z, s) are incompletely specified Boolean
functions. Notice that in the definition of FSM, the state set S is not defined
as a Boolean space. In other words, the states are elements of a generic set,
and they are uniquely identified by a symbol (a string or any other unique
identifier). A FSM can be represented by a graph or, equivalently, by a table.
The two representations are called state transition graph (STG) and state tran-
sition table (or state table, for brevity), respectively. The states of the STG
are labeled with the unique symbolic state name, the edges are labeled with
the inputs and output values. The state table is simply the list of edges of the
STG. An example will better illustrate these definitions.

Example 2.3 Consider the FSM in Figure 2.2 (a), (b). Part (a) shows the
STG of the FSM, while part (b) shows the state table. The notation used in the
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Figure 2.2.  State transition graph and state table of a FSM

STG for edge labeling is that the inputs are followed by the outputs. Fach edge
in the STG corresponds to an eniry in the state table. The first two fields in the
state table are present state and input. The last two fields are next state and
output. The FSM of Figure 2.2 is incompletely specified, because for present
state S2 and input 01 the first output is not specified (i.e., it can be either one
or zero). The first output is incompletely specified for the first transition in the
table as well.

Notice that both STG and state table completely define the input-output
behavior of a FSM, but they do not provide any information about the circuit
implementation. Hence, STG and state table are behavioral representations
of the FSM. In order to obtain a representation which is closer to the circuit
implementation, we need to introduce the concept of state encoding.

Definition 2.10 A state encoding is a one-to-one mapping from S to BNs,
i.e., a function E : S — BNs. The number of state variables is indicated by

Ns.

By specifying the state encoding function E, we associate each symbolic
state with a particular binary vector of N, elements, i.e., with a vertex in the
N,-dimensional Boolean space. The vertex is called state code. Notice that
we have numerous degrees of freedom in the choice if £. The only important
constraint for F is that BY> has enough vertices to assign a different one to
cach symbolic state, thus Ny > [loga|S|]. Once we have specified N, and E,
the state of a FSM is completely expressed by N, binary variables called state
variables.
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Figure 2.3.  Structural representation of a FSM

When we specify E, the output and next state functions become Boolean
functions: &(z,v) : B® x BYs — B™s, Xz,v) : B® x BYs — B™, where
v = E(s). We consider Mealy FSMs. If the number of elements in BV is
larger than |S|, both §(z,v) and A(z,v) become incompletely specified, since
their value is not relevant for values of v that do not correspond to any valid
state. For the sake of brevity, we will often use the notation é(z, s) and A(z, s)
even for FSMs where E has been specified, with the convention that s is the
state code of the symbolic state.

Once the state encoding has been specified, the structural model of FSM
shown in Figure 2.3 can be used to represent the FSM. A (combinational) logic
network implements ¢ and A, while state elements (flip-flops) store the value
of one state variable. The structural model is called sequential or synchronous
network. We assume that the flip-flops are triggered on the raising edge of
the clock CLK (the triangular shape within each flip-flop symbol identifies the
flip-flops as positive-edge-triggered). Numerous types of sequential elements
and clocking styles can be used to implement real-life circuits, but it is useful
to reason about a single implementation model.

The representation of Figure 2.3 is structural, because it refers to a particular
circuit structure implementing the FSM. Notice that there are many structural
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representations for a single STG (they can be generated by changing N, and
E). The main reason why structural representations are useful even when
developing algorithm or studying properties of FSMs is that they may be much
more compact than the state-based representations.

Example 2.4 Consider a FSM with ten millions of states. If we represent each
symbolic state with a string of characters from an alphabet with 32 symbols, we
need at least 4 characters (minimum length identifiers) for each state. We
want to estimate the memory needed to store the behavioral representation of
the FSM. Only storing the names of the states requires 10%x4x5/8 ~ 25Mb. In
contrast, the minimum number of state variables needed to uniquely represent
all states is Ny = [log2107] = 21. Just 21 flip-flops are sufficient for encoding
the 107 states. In other words, the STG of a relatively small sequential circuit
with 21 flip-flops may already be unmanageably large.

Although it is often convenient to reason about small-size sequential system
using behavioral representations, structural representations are the only viable
alternative for large sequential systems. Similarly to the case of combinational
network, the main limitation of the sequential network representation is its
lack of uniqueness. Additionally, checking the equivalence of two sequential
networks is at least as hard as checking the equivalence of their combinational
part.

2.3 IMPLICIT REPRESENTATION OF DISCRETE FUNCTIONS

Digital circuits may have unmanageably large abstract representations. The
reason is that both Boolean functions and FSMs can be represented in tabular
format, but the size of the tables is worst-case exponential in the number of
inputs (and states, in the case of FSMs). One approach that mitigates this
problem is to resort to structural representations. The main limit of structural
representations is that they are not unique. A Boolean function can be rep-
resented by an infinite number of combinational networks, and a FSM can be
represented by infinite sequential networks. Hence, it is hard to develop algo-
rithms based on the properties of a Boolean function or a FSM when starting
from a structural representation.

In this section we will describe a powerful data structure for the representa-
tion of Boolean functions and state machines in a canonical fashion (i.e., with
a unique representation) which has in many cases manageable size, even when
the tabular representation is excessively large.
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Figure 2.4. A Binary Decision Diagram.

2.3.1 Binary decision diagrams

Binary decision diagrams (BDDs) are a data structure developed for the com-
pact representation of large Boolean functions. Several variants of BDDs have
been developed by different groups of researchers (see, for instance, [brya86,
brac90, madr88, mina90]). The differences are generally small. In our descrip-
tion we will follow [brya86] and [brac90], though with slightly different notation.
We introduce the BDD representation by means of a simple example

Example 2.5 Let us consider the following Boolean function:
f=abc+b'd+cd.

A BDD for this function is given in Figure 2.4. If we want to know the value
of f for a particular assignment to the variables a, b, ¢, and d, we just follow
the corresponding path from the square boz labeled f (this node is the root of
the BDD) to one of the square bozes labeled 1 and 0 (these nodes are the leaves
of the BDD). Suppose we want to determine the value of function f for the
assignment a =1, b=0,c =1, and d = 0. The first variable encountered from
the root is a, whose value is 1. We then follow the edge labeled T (which stands
for then). We then come across a node labeled b. Since the value of b is 0, we
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Figure 2.5.  An Optimal BDD.

follow the edge labeled E (else). The next node is labeled d, which implies that
fora =1 and b = 0, the value of f does not depend on c. Following the E edge
we finally reach the leaf labeled 0. This tells us that the value of the function
is 0, as can be easily verified from the sum of products expansion.

The BDD of Figure 2.4 is an ordered binary decision diagram, because the
variables appear in the same order along all paths from the root to the leaves.
The ordering in this case is:

a<b<c<d.

The appearance and the size of the BDD depend on the variable ordering. This
1s dlustrated in Figure 2.5, where a different BDD for f is given according to
the following variable ordering:

b<c<a<d,

This is an optimal ordering, since there is exactly one node for each variable.
We will assume that BDDs are ordered.

The BDD of f constructed as shown in the example may not be reduced, i.e.,
it may contain duplicated and superfluous nodes. However, a non-reduced BDD
can be systematically transformed into a reduced onc by iteratively applying:
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Identification of isomorphic sub-graphs;

Removal of redundant nodes.

Given an ordering, the reduced graph for a function is unique. Hence, the
Reduced Ordered BDD (ROBDD) is a canonical form, i.e., two functions f;
and fy are equivalent (l.e., fi = f2) if and only if they have the same BDD.
This is the first important characteristics of binary decision diagrams. Other
interesting properties of BDDs are:

The size of the BDD (the number of nodes) is exponential in the number of
variables in the worst case. However, BDDs are well-behaved for many func-
tions that are not amenable to tabular representations (e.g., EXCLUSIVE-
OR).

The logical AND and OR of BDDs have polynomial complexity in the size of
the operands. Complementation is inexpensive (constant time). All Boolean
operators can be implemented using only one basic operator, called ITE
(shorthand for if-then-else).

Both satisfiability (i.e., proving that a Boolean function has at least one
satisfying assignment) and tautology (i.e., proving that a Boolean function
is always 1) can be solved in constant time. Indeed, f is satisfiable if and
only if its BDD is not the terminal node 0. Function f is a tautology if and
only if its BDD consists of the terminal node 1.

On the other side, BDDs have some drawbacks:

BDD sizes depend on the variable ordering. Finding a good ordering is not
always simple.

There are functions for which the sum of products or product of sums rep-
resentations are more compact than the BDDs.

In some cases sum of products (and product of sums) forms are closer to
the final implementation of a circuit. For instance, if we want to implement
a programmable logic array, we need to generate at some point a sum of
products or product of sums form.

BDDs allow compact storage and manipulation of multiple Boolean func-

tions, since it is possible to share nodes in the BDD representations of two or
more Boolean functions. As a limiting case, two equivalent functions fully share
all nodes, i.e., they are represented by the same BDD (not just two identical
BDDs).
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Given that we are interested in reduced BDDs, instead of generating non-
reduced BDDs and then reducing them, we guarantee that, at any time, there
are no isomorphic sub-graphs and no redundant nodes in the multi-rooted DAG.
This can be achieved by checking for the existence of a node representing the
function we want to add, prior to the creation of a new node. A straightforward
approach would consist of searching the whole DAG every time we want to
insert a new node. However, that would be far too inefficient. Instead, a hash
table called unique table is created. The unique table contains all functions
represented in the DAG. In other words, the table has one unique entry for
each node.

BDDs are manipulated with recursive algorithms based on the cofactor ez-
pansion of Boolean functions f with respect to a variable:

f=gi fo, +2ifs, (2.1)

The usefulness of Equation 2.1 lies in the fact that after cofactor expansions,
the two cofactors f,, and f,, arc simpler functions. All Boolean operations
defined in Section 2.2 can be lefﬁciently carried out on the BDDs representing
the functions on which they apply. The complexity of the computations is
polynomial in the number of BDD nodes of the functions (more precisely, linear
in the product of the number of BDD nodes of each operand).

BDD manipulation packages keep a cache of recently computed functions,
called computed table, for efficiency reasons. The purpose of this table is differ-
ent from that of the unique table. With the unique table we answer questions
like: “Does there exist a node labeled v with children g and A?” On the other
hand, the computed table answers questions like: “Did we recently compute
the AND of f; and f»?” We can ask this question before we actually know that
the AND of f; and fs> is a function whose top node is labeled v and whose
children are g and h. Hence we can avoid recomputing the result.

2.3.2 Algebraic decision diagrams

Since discrete functions are a straightforward extension of Boolean functions,
the intuition suggests that data structures similar to BDDs could be used to
efficiently manipulate them. Indeed, several “BDD-like” data structures have
been developed for this purpose [clar93, lai94, baha95]. The one we adopt
is the algebraic decision diagram (ADD) [baha95]. We do not describe the
definition and the properties of ADDs since they are analogous to the ones we
illustrated for BDDs: reduced and ordered ADDs are a canonical representation
of discrete functions and all important operations with ADDs can be performed
in polynomial time in the ADD size.
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The main difference between BDDs and ADDs is in the terminal nodes.
While all BDDs terminate in either the “0” or the “1” terminal nodes, ADDs
have multiple terminal nodes. The terminal nodes (leaves) of an ADD are as-
sociated with the values of the discrete function it represents. Since operators
on discrete functions are generalizations of Boolean operators, the ADD algo-
rithms that implement such operators are very similar to the procedures used
for BDDs. We review three important operators on ADDs that will be used in
later chapters: ITE, APPLY, and ABSTRACT.

ITE takes three arguments: f, an ADD restricted to have only 0 or 1 as
terminal values (called “0/1-ADD”, and fully equivalent to a BDD), and g and
h, generic ADDs. It is defined by:

ITE(f,g.h)=f-g+f h (2.2)

Intuitively, the resulting ADD has the same leaves as g when f is 1 and the
leaves of h when f is zero.

APPLY takes one operator, op (e.g., +, —, *), and two operand ADDs as
arguments; it applies op to all corresponding elements of the two operands
and returns the resulting ADD. Notice that APPLY generalizes the Boolean
operators. For example, the APPLY of % (multiplication) to two 0/1-ADDs
degenerates to the Boolean AN D operator.

ABSTRACT reduces the dimensionality of its argument function through
existential arithmetic abstraction of some variables. Let z,y be the support
of a pseudo-Boolean function f(z,y), where £ and y be two disjoint sub-sets
of Boolean variables. The arithmetic existential abstraction of z from f(z,y)
with respect to the arithmetic sum is defined as:

\Ff(z,w) =D flz,y) (2.3)

This definition tells that, instead of taking the Boolean sum of all the the co-
factors associated with the minterms of the z-variables, as in Boolean existen-
tial abstraction, the ABSTRACT operator computes precisely the arithmetic
sum. Notice that the ABSTRACT operator eliminates z from the support (i.e.,
\ff(z,y) = g(y)). Similarly, the arithmetic existential abstraction of z with
respect to the MAX operator is defined as:

% f(u) = max f(u) (2.4)

Example 2.6 A discrete function f is given in tabular form in Figure 2.6 (a).
The ADD of the function is shown in Figure 2.6 (b), with the variable order
a < b < c. The arithmetic existential abstraction of f with respect to variable c
is shown in Figure 2.6 (c). As expected, \} f does not depend on c any more.
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Figure 2.6. (a)-(b) A discrete function f and its ADD. (¢) The ABSTRACT of f w.rt
e \&f

2.4 MARKOV ANALYSIS OF FINITE-STATE MACHINES

Power is a strongly pattern-dependent cost function, since it depends on the
switching activity of a circuit, which in turn depends on the input patterns
applied to the circuit. Hence, we need to specify some information about the
typical input patterns applied to a circuit if we want to optimize or even only
estimate its power dissipation. The most straightforward way to provide infor-
mation about input patterns is to actually provide a long input stream repre-
senting a typical usage pattern together with the specification of the circuit.

This approach gives the most complete information, but it suffers from two
serious drawbacks 1) the input traces can be very large and cumbersome to
manage, ii) in many cases only incomplete information about the environment
may be available. A more synthetic description of the input streams provides
information about input probabilities. Given a circuit, we may simply provide
one real number for each input i: the probability for the input to be one,
p; = Prob(i = 1). This statistical parameter is called signal probability.

Obviously, signal probabilities express much less information than a complete
input trace, for example they do not give any indication about correlation be-
tween successive input values (called temporal correlations) or between different
inputs (called spatial correlations). Nevertheless, input probabilities are often
used to synthetically describe the statistics of the input patterns.

Even if we assume that the input patterns can be described by signal proba-
bilities with sufficient accuracy (i.c., spatio-temporal correlations are a second-
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order effect), it is not obvious how to estimate, in a FSM, the probability of a
state transition, since it depends not only on the inputs, but also on the state
information. For example, if a FSM has a transition from state s; to state
s; for all possible input configurations, we may think that this transition will
happen with very high probability during the opecration of the machine. This
may not be the case: if state s; is unreachable, the machine will never perform
the transition, because it will never be in state s;. Similarly, if the probability
of being in state s; is very low, a transition from state s; to state s; is very
unlikely.

We model the stochastic behavior of a FSM by a Markov chain. A Markov
chain is a representation of a finite-state Markov process [triv82], a stochastic
model where the transition probability distributions at any time depend only on
the present state and not on how the process arrived in that state. The Markov
chain model for the STG is a directed graph isomorphic to the STG and with
weighted edges. For a transition from state s; to state s;, the weight p; ; on
the corresponding edge represents the conditional probability of the transition
(i.e., the probability of a transition to state s; given that the machine was in
state s;). Symbolically this can be expressed as:

pi,j = Prob(Nezt = sj|Present = s;) 4,5 =1,2,..,|9] (2.5)

Note that edges with zero conditional probability are never drawn in the graph
representation of the Markov chain.

Definition 2.11 The conditional probability distribution is the set of p; ; val-
ues.

The conditional probability distribution is external input information. It
does not depend on the structure of the Markov chain and we assume that it
is known. Although conditional transition probabilities can be used as a rough
approximation to the transition probabilities [roy93], we need to know the prob-
ability of a transition independently of the present state. These probabilities
are called total transition probabilities, P; ;, and can be calculated [triv82] from
the state probabilities, where the state probability, P;, represents the probability
that the machine is in a given state i.

Pz“j :pi,jPi Z,] = 1,2,..., |Sl (26)

Equation 2.6 implies that, in order to have high total transition probability
both the state probability and the conditional transition probability must be
high. Using only the conditional transition probability can lead to incorrect
estimates.
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Figure 2.7.  (a) A finite-state machine (b) its Markov chain model

Example 2.7 Consider the FSM shown in Figure 2.7 (a) with two inputs, in,
and iny, and one output. Assume that the input probabilities are Prob(in; =
1) = .5 and Prob(ing = 1) = .5. The Markov chain model of the FSM 1is
shown in Figure 2.7 (b). The edges of the Markov chain are labeled with the
conditional transition probabilities of the patterns on the edges of the FSM. For
instance, consider the transition between S2 and S1. Its conditional probability
is p2.1 = Prob(in; = 1) - Prob(in, = 1) = .25 = 1/4 (we assumed independent
inputs). Observe that the conditional transition probabilities are computed using
only the input probability information, and they are generally different from the
total transition probabilities.

The next step is to show that it is possible to compute the state probabili-
ties and, more importantly, to show that these values are not time-dependent.
Intuitively, this implies that as the observation time increases, the probability
that the machine is in each of its states converges to a constant (stationary) set
of real numbers. In other words, we must show that it is possible to compute a
steady state (or stationary) probability vector whose elements are the stationary
state probabilities.

It is quite easy to find STGs for which the stationary state probabilities do
not exist, because, for example, their value is oscillatory. The general theory
explaining the asymptotic behavior of the state probabilities is too involved to
be described here, but it can be found in reference [triv82]. Here we just state
an important theorem that allows us to define a large class of STGs whose
corresponding Markov chains have a steady state probability vector.
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Theorem 2.2 For an irreducible, aperiodic Markov chain, with all states re-
current non-null, the steady state probability vector exists and it is unique.

An irreducible Markov chain with all the states recurrent non null is a chain
where every state can be reached from any other state, and the greatest common
divisor of the length of the possible closed paths from every state is one. For the
sake of simplicity, we assume in the following that we deal only with FSMs for
which the corresponding Markov chain satisfies all requirements of Theorem 2.2
for existence and uniqueness of the state probability vector. We will prove in
a later chapter that the presence of a unique reset state is sufficient to ensure
the existence of the steady state probability vector. Notice however that state
probabilities can be computed in much more relaxed assumptions than those
of Theorem 2.2 even for FSMs without a unique reset state [hama94].

In the next subsections we describe the basic methods for computation of
the state probability vector i) for small-size FSMs that can be described in a
behavioral style, ii) for large FSMs described in a structural fashion.

2.4.1 Explicit methods

The methods for computation of the state probability vector presented in this
subsection are called ezplicit because they are based on the direct representation
of the conditional transition probabilities with a matrix of size |S| x |S|. Let
P be the conditional transition probability matrix whose entries p; ; are the
conditional transition probabilities, and q the steady state probability vector
whose components are the state probabilities P; (i.e q = [P, P, ...,P|3|]T).
Then we can compute the steady state probabilities by solving the (|S| + 1)
system of equations:

qTP = qT (2.7)
P =1 (2.8)

The problem of finding the steady state probability vector is thus reduced to
finding the left eigenvector of the transition matrix corresponding to the unit
eigenvalue, and normalizing it in order to make the sum of its elements equal to
unity [triv82]. The normalization condition (Equation 2.8) is required because
matrix P is singular (since all its columns sum to one), and the Equation 2.7 has
infinite solutions. The only valid solution is found by constraining the sum of
all the components of q to be one, because the elements of q are probabilities of
mutually exclusive events that cover the complete event space (i.e., the Markov
chain is always in one and only one of its states).
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Figure 2.8.  Stationary state probabilities and total transition probabilities

Example 2.8 For the Markov chain of Example 2.7, the stationary state prob-
abilities calculated solving Equation 2.7 are shown in Figure 2.8 besides the
nodes in the chain. The state probabilities sum to one, as enforced by the nor-
malization condition. The figure shows also the total transition probabilities
(the products p; j - Pj) on the edges. Notice that the total transition probabili-
ties are completely different from the conditional transition probabilities: while
all conditional transition probabilities leaving a state sum to one, the sum of all
total transition probabilities is one.

For sparse and large conditional transition probability matrices, the solution
of System 2.7 can be carried out using iterative methods that do not require
matrix inversion. One iterative method that is very simple and well-suited for
state probability computations is the power method. With this approach, the
state probability vector q can be computed using the iteration:

qg;+1 = qz P (2.9)

with the normalization condition Zlii‘l P; = 1 until convergence is reached.
The convergence properties of this method are discussed in [hama94]. The
main advantage of the power method is that it can leverage well-developed
techniques for the manipulation of large matrices for which the computation of
matrix by vector product has complexity proportional to the number of nonzero
clements of P.
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The main limitation of the methods presented in this section is that they
are not applicable to Markov chains derived from large sequential circuits for
which the state set is large enough to make even the storage of matrix P a
formidable task.

2.4.2 Implicit methods

When dealing with sequential circuits with thousands or even millions of states,
specified by a structural description, it is very hard to extract and manipulate
the transition probability matrix. Implicit methods allow the manipulation of
large systems by representing the transition probability matrix with an ADD.

The STG of a finite-state machine is implicitly represented by the BDD (or,
equivalently, by a 1/0-ADD) of its transition relation [coud89]. The transition
relation is a Boolean function T'(z, s,ns) : BN x BNs x BN+ — B. The support
of the transition relation consists of: i) the input variables z, ii) the state
variables s, iii) the next state variables ns. T has value 1 when the STG of the
machine has a transition from state s to state ns with input z, zero otherwise.

The transition relation can be extracted directly from the next state function
é(x,s) with an iterative procedure of fixed point computation. Starting from
an initial state (e.g., the reset state of the machine), the set of states that can
be reached from it in one clock cycle is computed. The procedure then iterates
computing all states reachable from the set of states reached in the previous
iterations. The iteration stops as soon as no new states are reached in two
successive iterations (i.e., a fized point has been reached).

The fixed point computation can be carried out by operating directly on
BDDs. The transition relation is computed without ever enumerating the
states. BDD-based algorithms for the computation of T'(x,s,ns) have been
able to completely explore the state spaces of machines with more than 10%°
states, for which any enumerative algorithm would be completely impractical.
The interested reader can refer to (some96] for a review of BDD-based proce-
dures for transition relation computation.

Similarly, the input probabilities can be represented by an ADD. The ADD
PI(x) is extracted from the array of input probabilities, with the simple formula
PI(z) = H:';l PI,(z;) where each PI;(x;) is a single-node ADD, with two
leaves with value p; and 1 — p;.

Given T and PI, the implicit representation of matrix P can be obtained
by the following symbolic formula:

P(z,s) = PI(z) - \},T(z,s,ns) (2.10)

Equation 2.10 produces an ADD with the conditional input probabilities of the
transitions of the STG as leaves. The value of z and s are sufficient to identify
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Figure 2.9. Symbolic computation of the conditional transition probability matrix

every transition in the STG. Notice that the ADD of P can be exponentially
smaller than the traditional matrix representation.

Example 2.9 The STG of a finite-state machine is given in Figure 2.9 (a).
Notice that each edge is labeled with input, output and conditional transition
probability. The transition relation T(x,s,ns) is shown in Figure 2.9 (b) in
the tabular format. The BDD (0/1 ADD) of T is shown in Figure 2.9 (c).
The ADD of the conditional input probability is shown in Figure 2.9 (d). If
we compute the ADD of matrix P using Fquation 2.10, we obtain the result
shown in Figure 2.9 (e). Although we used a small example for the sake of
explanation, notice that symbolic representation based on ADD becomes useful
when the STG and the truth table of T are unmanageably large.
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Once P(z,s) has been computed, the state probability vectors can be com-
puted using the symbolic version of the power method. The matrix-by-vector
multiplication required for the application of the power method (Equation 2.9)
is implemented as an ADD operator, and the final result is q(s), the ADD
whose leaves are the state probabilities. Notice that other implicit methods
have been presented in the work by Macii et al. [hach94], as well as a detailed
study of the convergence properties of symbolic algorithm for the calculation
of q in the case of large FSMs that do not satisfy Theorem 2.2.

2.5 CONCLUSION

In this chapter we covered the background material required for full understand-
ing of the power optimization algorithms presented in the following chapters.
The key concepts introduced so far are: Boolean and discrete functions, the
quantification operators, BDDs, ADDs and Markov models for finite-state ma-
chines. The BDD/ADD-based symbolic representation of Boolean functions,
FSMs and Markov chains is a useful tool when dealing with systems with a
large number of inputs and state variables.
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Otia corpus alunt, animus quoque pascitur illis.

Idleness nourishes the body and the soul.
—Ovidius
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3.1 INTRODUCTION

In this chapter we focus on the application of power management techniques
to VLSI logic design. Although only a fraction of the power dissipated by a
complex digital system is actually consumed by VLSI circuits, it is often a large
(and increasing) one. We further narrow our discussion to the dominant CMOS
technology and to clocked circuits (also known as synchronous circuits). Many
of the basic concepts presented in the following treatment have much wider
scope of applicability. We believe however that a focused approach may give
the reader a more concrete understanding of the basic principles.

The chapter takes a designer’s perspective. The fundamental ideas that al-
low the identification and exploitation of power management opportunities are
informally introduced, and practical examples are provided. The problems and
tradeoffs involved in the design of power-managed digital circuits are investi-
gated in detail. At the same time, it will become clear why power management
is not a panacea, and a hard tradeoff is involved in the choice of which particular
power management scheme can be used. Moreover, we analyze alternative im-
plementations of the circuitry that must be added to baseline functional units
in order to power-manage them.

The treatment of the power management concept is purposedly informal. We
do not want to obscure the key ideas with unnccessary formalism. Moreover,
we do not discuss the automation of the described techniques. Computer-
aided tools for automatic synthesis of power managed circuits will be carefully
analyzed in the next chapters. The following sections are a prerequisite for the
complete understanding of the basic and advanced computer-aided techniques.

3.2 FUNDAMENTALS

Consider a sequential logic circuit (a computational unit) U embedded in a
larger system, as shown in Figure 3.1. Our task is to find when the computation
performed by U is not required. In other words, unit U is ¢dle when the system
does not need its functionality to operate correctly. Observe that idleness is very
common in real-life systems. For instance, high-performance microprocessors
contain a massive amount of hardware resources which are not always used.
Such resources are indeed required to achieve high peak performance, but peak
performance is not always achievable or needed. More in general, although
“silicon rcal estate” is still a precious resource, the high level of integration of
state-of-the-art devices enables the instantiation of hardware resources which
are not always utilized during normal system operation. As a result, digital
systems grow in size and are seldom fully utilized at any given time.

The degree of system utilization varies widely during operation. When the
environmental conditions require peak performance, utilization is very high,
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Figure 3.1. A computational unit embedded in the environment

and all computational units are exploited. During low utilization intervals, the
idle units are computationally redundant. This observation is the key for the
basic power management strategy. Computationally-redundant units can be
shut down and their power dissipation minimized. The decision of shutting
down a resource is taken during operation in a dynamic fashion. Referring to
Figure 3.1, unit U is obviously not always functionally redundant (if that is
the case, it can be eliminated), but it may be so for a large fraction of the
operation time. Ideally, we would like to shut down the resource every time it
is idle. This is not always possible. Detecting idleness can be expensive, and
there is a tradeoff between the cost of idleness detection and the power savings
provided by shutdown.

It is important to notice that power optimization based on dynamic power
management has no analogy when considering area optimization under per-
formance constraints. When unit U is instantiated, there is a direct tradeoff
between the performance improvement provided by U and its area cost. On
the contrary, the tradeoff between performance and power is not as direct. If
a unit is instantiated to provide peak performance improvement, and it has
very high idleness, power management can minimize its power cost. Hence, dy-
namic power management introduces completely new degrees of freedom that
can be exploited to reduce power dissipation with minimal or no impact on
performance.

The computation performed by U becomes redundant only when the environ-
mental conditions are such that its computation is not observed at the system
outputs, or when its own outputs do not change even if the input have changed.
We call the first type of idleness external, as opposed to internal idleness, in
the second case. These arc two distinct types of idleness that can be exploited
for devising power management strategies. We analyze them separately in the
following subsections.
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Figure 3.2.  An example of circuit with idleness

3.2.1 External idleness

External idleness is not a property of a computational unit in isolation. It
is induced by the environment. Consider the circuit shown in Figure 3.2. We
focus on the adder unit ADD. The output of the adder is connected to a three-
way multiplexer MU X. When the control inputs of the multiplexer have the
value my; = 0, my = 0, the output of ADD is driven onto the primary output.
Whenever my # 0 or my #£ 0, the value computed by ADD is not observed at
the primary output. This is a typical example of external idleness caused by a
unit’s environment.

The power dissipation of the circuit can be reduced if we prevent the ex-
ecution of the addition whenever the output of ADD is not selected by the
multiplexer. There are several alternative ways to prevent the execution of the
addition: for example, we could simply turn off the power supply of all gates
in the adder. This and other methods will be described in greater detail in
the next section. Preventing the execution of the addition causes some internal
nodes of the circuits to have an incorrect logic value (for instance, the outputs
of ADD may be fixed at zero when the adder is shut down). The presence of
the multiplexer ensures however that the incorrect logic value do not propagate
to the primary outputs.

Whenever the multiplexer selects the output of ADD, the adder must be
re-activated. Re-activation must be efficient: in the example of Figure 3.2, the
adder must be re-activated and complete its computation within the timing
constraint imposed by the propagation of the sum to the primary outputs.
Hence, the shutdown mechanism must not only be effective in eliminating the
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power dissipation, but it must also impose a minimal performance overhead
when normal operation resumes.

External idleness is closely related to the concept of observability. In intuitive
terms, a logic signal is not observable when a change in its value does not cause
any change at the primary outputs of the circuit. In our example, multiplexer
control values m; # 0 or my # 0 cause all internal signal and outputs of ADD to
become unobservable. Hence, whenever all outputs of a unit are unobservable,
the unit is externally idle, and can be shut down to reduce power consumption.

External idleness is very common in practical systems. Often several com-
putations are performed in parallel, but only one of them is actually useful. All
instances of such behavior are good candidates for investigating the opportunity
of power optimizations based on dynamic power management. Unfortunately,
in many cases, redundant computation is a price that is willingly paid in order
to improve performance, and it may not be possible to power manage a system
because of performance constraints.

As an example, consider again Figure 3.2, and assume that m; and my are
late arriving signals. In this case, ADD and SUB, although mutually exclu-
sive, are performed concurrently for performance reason. Since the multiplexer
sclection is performed very late, all possible results are computed in advance
(before the selector value is known) and multiplexed to the output as soon a
the selector value is available. This is a simple example of speculative ezecution,
a well-known performance-enhancement practice. Adder shutdown would not
be possible in this case, because the decision of shutting down the resource is
based on the values of m; and ms. Assume that the adder is shut down in
cycle n, and it should be active in cycle n + 1. The values of m; and ms arec
computed too late in cycle n+ 1 to turn the adder on and to compute the sum
before the end of the clock cycle.

Several designers have implemented power management schemes based on
external idleness. The IBM PowerPC microprocessor [slat95] implements some
power-reduction techniques, including power-down of execution units based on
instruction activity. For instance, if the processor is running integer code,
the floating-point units can be powered down. This is a typical example of
exploitation of external idleness. The environment around the floating point
unit does not need its computation to perform correctly, hence the unit can be
powered down.

We summarize the conditions which enable the exploitation of external idle-
ness.

m FExistence of environmental conditions for which unit U is unobservable at
the primary outputs.

» Early availability of the signal used to detect the lack of observability.
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Figure 3.3.  Circuit with idleness.

» Efficient shutdown mechanism (low overhead in speed, area and power).

One important point that must be considered is that the existance alone of
external idleness conditions is not enough to establish the usefulness of power
management. The typical usage patterns for the system must also ensure that
the unit is idle for a sufficiently high fraction F' of the operation time. The
minimum value Fi,;, of F' for which power management becomes advantageous
clearly depends on the cost of the power management circuitry needed to detect
idleness and to shut down the unit.

3.2.2 Internal idleness

While external idleness is caused by the environment, internal idleness depends
exclusively on the functionality of a unit U. Consider again the example of Fig-
ure 3.2 (repeated in Figure 3.3 for convenience). In contrast with the previous
discussion, we consider the entire circuit as a single unit U. No information is
available on the environment of U, hence we assume that the primary outputs
of U are fully observable (this implies the absence of external idleness).

When the control inputs of the multiplexer in Figure 3.2 have value m; =1
and my = 1, the bottom data input is selected. Observe that the bottom data
input is connected to the constant 0 logic value: the output of U is always zero
when m; = 1 and my = 1. Suppose that both the control inputs are held at
1 for two or more clock cycles. After the first clock cycle, the outputs of U
are stuck at zero until a change of control input values occurs. It is easy to
observe that, as long as m; = 1 and my = 1, all power consumed by the circuit
is wasted, because the outputs do not change.
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Notice that the power consumed in this condition may be significant. Al-
though we assumed that the control inputs of the multiplexer are held constant,
we did not make any assumption on the switching activity of the data inputs
of the adder and subtracter. Thus, the two arithmetic operators may continue
to compute new results, but with no outside visibility because the multiplexer
always selects the constant zero value. We call this behavior internal idle-
ness because a logic condition within the unit itself is causing useless power
consumption.

The main difference between internal idleness and external idleness is that
the first one is inextricably tied to the observation of the circuit behavior in
at least two successive clock cycles. In the example above, it is not possible to
take the decision of shutting down U if we do not know that m; and msy have
been equal to zero for at least two clock cycles. Moreover, the behavior of U
when it is shut down is more constrained than in the case of external idleness.
Some type of state-holding mechanism is required in order to exploit internal
idleness.

To clarify this statement, observe that when a unit is externally idle, its
outputs are unobservable, hence, their value is irrelevant. On the contrary,
the outputs of an internally-idle unit may be observable, although they do not
change. Therefore, a shutdown mechanism must guarantee that the values
of the outputs are held constant when the unit is shut down (i.e., at least
the outputs of the idle circuit must hold their state). Static CMOS logic is
inherently suitable for the exploitation of external idleness because it keeps
indefinitely correct output values and dissipates little power if its inputs are
stationary. Hence, simply freezing the inputs of a combinational logic unit
in static CMOS technology guarantees both low power dissipation and state
holding. Notice however that some of the shutdown methods presented in the
following section are not suitable for exploiting internal idleness. For instance,
supply shutdown is not acceptable, because it forces all outputs to logic zero.

Again, several tradeoffs are involved in the exploitation of internal idleness.
First, detecting internal idleness requires the presence of some circuitry whose
function is to reveal conditions under which outputs do not change. In our
contrived example, this is an easy task (it is sufficient to detect when m; =1
and mq = 1), but it is not generally true. Power management based on internal
idleness can be successful only if the detection of internal idleness is much
less power consuming than the useless computation it avoids. It will become
clear in the following chapters that detection of all internal idle conditions is
as complex as computing the output values. Hence, internal idleness can be
fruitfully exploited only if a limited set of idle conditions is detected, namely
those that have high probability to be verified.

82



72 DYNAMIC POWER MANAGEMENT

Fortunately, there are large classes of practical systems for which power
management based on internal idleness is very advantageous. Such systems
operate in a reactive fashion: they sample the inputs and take actions (i.e.,
update their outputs) only when some (rare) input conditions are observed.
Typical examples of reactive systems are pagers. For a very large fraction of
the operation time, the pager circuitry is idle and it needs to perform power
consuming computations only when the pager number is sampled on the input
channel. Indeed pagers achieve very low power consumption thanks to a clever
exploitation of idleness [mang95]. The paging functionality is intrinsically a
reactive one, and pager systems have a large (and easily detectable) amount of
internal idlencss.

We will analyze the system-level implications and opportunities in Chapter 6.
Even at the logic level, several devices have reactive behavior. For instance,
interface circuitry and control logic is often reactive. In Chapter 4 we will
introduce techniques for the automatic power optimization of control circuits
based on internal idleness.

3.2.3 Taxonomy

Having introduced internal and external idleness and their properties, we can
now propose a taxonomy for the classification of power management techniques.
The taxonomy is pictorially represented in Figure 3.4. Internal idleness is a
property of the unit itself, and does not critically depend on information about
its environment. The exploitation of internal idleness requires state holding to
be available, because the outputs of the unit may be observable when the unit
is idle, hence we must guarantee that their value is held constant throughout
the idleness interval. There are no requirements on where and how the state is
held, as long as the stationarity of the outputs is guaranteed.

External idleness is essentially a property of the environment of a unit. Be-
cause of that, exact computation of external idleness can be difficult, if not
impossible. In many cases, only partial information about the environment is
available and external idleness must be computed conservatively. On the other
hand, exploitation of cxternal idleness may not require state holding for the
idle unit, because the outputs of the unit are not observable and can assume
any value. The only requirement is that correct operation must be resumed as
soon as the outputs become observable. For this reason, in some cases state
holding is required even for externally idle units. The diagram in Figure 3.4
shows the relation among the types of idleness and the requirements on state
holding.
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State Holding

3.2.4 Granularity

Power mangement does not come for free. Idleness must be detected by some
means in order to be able to stop the computation when it is not needed. The
only way to detect idleness is to instantiate additional circuitry. Moreover,
the original unit must be modified to make shutdown possible. As a result,
power-managed units require some functionally-redundant circuitry which has
a non-negligible cost i.e., an overhead with respect to the baseline implementa-
tion without power management. Such overhead must be carefully taken into
account when deciding on the opportunity of building a power-managed unit.

A critical issue is the identification of the level of granularity at which it
is reasonable and convenient to investigate the opportunity of power manage-
ment. Consider a generic logic circuit as shown in Figure 3.5. The atomic
logic functional blocks are either memoryless combinational gates or sequential
memory elements (flip-flops). Applying power management on a gate-by-gate
basis (or on a single flip-flop at a time) is obviously counterproductive in the
vast majority of the cases, because detection of idleness is more power consum-
ing than the simple computation performed by a gate, not to mention the area
and delay overhead.

Power management should be investigated at a level of granularity large
enough to tolerate the overhead of power-management circuitry. In practice a
good rule of thumb is that the power management logic should be at least ten
times smaller than the unit it manages. We shall see in the following section
that a very low-overhead scheme requires at least three logic gates. For that
particular scheme, the minimum granularity for applicability is a few tens of
logic gates. Notice that the 1/10 rule of thumb is only a very rough estimator.
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Figure 3.5. A generic digital logic circuit

Area or speed constraints could greatly restrict the sections of the designs
where power management is possible. This type of considerations is strongly
instance-dependent.

Another important decision is the selection of the boundary of the power-
managed unit. In Figure 3.5 two boundary selections are shown. Selection
A has at least one combinational gate at its input boundary. Whenever a
selection has only conbinational gates at its input boundary, we say that it has
combinational boundary. On the other hand, the input boundary for selection
C consists of only sequential primitives (flip-flops, in the example). In this case
we say that C has sequential boundary.

Although it is possible to formulate power management techniques which
are applicable to regions like A [tiwa95], the implementation of such techniques
poses several practical problems. The main concern when considering units
with combinational boundary is that combinational gates are always sensitive
to changes on their inputs. If we want to prevent transitions at the output of
a combinational gate, we need to ensure that the power management control is
asserted at the gate before the arrival of any of the inputs, otherwise it would be
difficult, if not impossible to avoid the propagation of some transition activity
into the unit.

When only sequential elements are at the input boundary of the unit, we can
exploit a useful property. Generic sequential elements propagate transitions to
their outputs only when some condition is verified on their clock inputs. In
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Figure 3.5, edge-triggered flip-flops are instantiated. Their outputs propagate
the input value only when the clock signal has a raising transition. Hence,
when power managing the unit, we just need to ensure that power management
controls are asserted before the raising edge of each clock cycle. It is generally
much easier to design power management circuitry for units with sequential
boundary. Regions like C' are the preferred choice for the vast majority of
power management schemes.

3.2.5 Input statistics

In the previous subsection we focused on the logic-level specification of the
system to define idle conditions and address granularity issues. However, the
logic-level specification is only one part of the information needed to perform
an optimal choice of power management strategy. The additional information
required is data on typical usage patterns of the target unit.

Typical usage patterns can be obtained by simulating the unit within the
complete system and collecting the stream of input values. Alternatively, more
compact (and less accurate) representations can be used. A widespread com-
pact representation style makes use of input probabilities (cfr. Chapter 2). For
each input 7 of the unit, a single parameter is provided, namely the signal
probability p;, 0 < p; <1 (cfr. Chapter 2).

Obviously, given the input pattern stream obtained from simulation, it is
possible to compute an estimate of the signal proabibility for each input:

Na.tt

1 z c
P = i 3.1
=y ; (3.1)

where Npq44 is the number of patterns in the stream and ¢ is the value of
input ¢ in pattern ¢. Input probabilities are a very compact way to describe
input pattern distributions. Compactness does not come for free. Indeed,
input proabilities do not completely characterize input streams, and are a lossy
description style.

Consider for example two stream of values of input ¢. In the first stream, ¢
has value 0 for the first Np./2 patterns, and value 1 for the remaining ones.
In the second stream, the value of ¢ changes on every clock cycle. According to
Equation 3.1, p; is the same for the two streams, but obviously the streams are
very dissimilar. The loss of information caused by using input probabilities to
describe typical usage patterns for a unit should always be acknowledged and
taken into account when evaluating the opportunity of implementing a power
management policy.

The knowledge of typical usage patterns is critical information when selecting
which idle conditions to exploit for implementing a power management strategy.
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It would be useless to implement circuitry for the detection of idle condition
which are never (or seldom) verified during normal operation of the unit. On the
contrary, detection effort should be focused on highly-probable idle conditions
because they ensure a high proability of unit shutdown.

As an example, consider the circuit of Figure 3.1. Assume that the probabil-
ity of having m; = 1, ms = 1 (i.e., internal idleness) is on the order of 107> for
a typical input stream, while the probability of having m; # 0 or ma # 0 (i.e.,
external idleness for ADD) is much larger (0.2). Inscrting power management
circuitry for detecting internal idleness would almost certainly be counterpro-
ductive, because the probability of actually stopping unit U is extremely small.
On the contrary, the adder is idle (externally) for 20% of the unit operation
time, hence it may be very advantageous to power manage it.

3.3 POWER MANAGEMENT CIRCUITRY

The key idea in power management is that unused parts of a complex design
can be shut down during system operation. In this section we analyze several
alternative implementations of shutdown schemes for static CMOS logic cir-
cuits. The alternatives span the tradeoff between implementation complexity
and shutdown effectiveness. On one side there are aggressive techniques that
virtually climinate any power dissipation on a shut down component, but they
require hard-to-design circuitry and/or impose a significant overhead with re-
spect to the baseline implementation. On the other side we have conservative
techniques that are relatively casy to implement but do not completely nullify
the power dissipation of a shutdown unit.

3.3.1 Power supply shutdown

The most effective way to eliminate power dissipation for an idle unit is to
turn off its power supply. Conceptually, this is a simple operation: it consists
of inserting a switch on the power supply of the unit, and turning the switch
on or off according to the power management control. This solution is shown
in Figure 3.6 (a). When power is turned off, no power is consumed by the
unit, hence this solution guarantees the absolute minimum power consumption
(zero) during shutdown periods.

The ideal switch depicted in Figure 3.6 (a) is of course a drastic simplifica-
tion of reality. Any real switch has a resistance and a delay associated with
it. For example, the most straightforward implementation of the ideal switch
is a MOS transistor. To minimize the ON resistance of the transistor we must
increase its width. Unfortunately, transistor width is proportional to gate ca-
pacitance. Hence, the power management control input is heavily loaded. Ad-
ditional buffering circuitry (that consumes power, occupies arca and increases
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Figure 3.6.  Power management by supply turn-off

delay) is needed to drive the control input of the MOS switch with satisfactory
performance. Figure 3.6 (b) shows a more realistic model of a circuit where
power supply can be turned off. The effect of the switch resistance and of the
control delay must be taken into account when evaluating the opportunity of
power managing the unit.

Even the model shown in Figure 3.6 (b) is a drastic simplification of re-
ality. In actual circuits, a stabilized voltage supply circuit is required. The
analysis of such devices is outside the scope of our treatment. Nevertheless,
the simplified model is accurate enough to represent the non-ideal efficiency of
the voltage supply and its stabilization delay. These are the key parameters to
be considered in tradeoff evaluation. The presence of a stabilization delay AT
limits the applicability of power-managed solutions to resources that are idle
for time intervals much longer than AT. Moreover, the loss in efficiency due to
the insertion of a controllable voltage supply must be more than compensated
by the power saving.

Several other difficulties are involved in the power supply shutdown scheme.
The physical placement of the controlled voltage supply (or the power switch)
is an important decision. The transient noise generated by turning on and
off the power supply must be adequately shielded to avoid cross-coupling with
functional signals and consequent functional failure. Moreover, the layout of
power the distribution grid is often carefully designed for maximum efficiency,
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Figure 3.7.  Gated clock implementation

and the presence of additional circuitry may perturb this highly tuned and
critical setup.

If the unit contains volatile memory (such as registers or RAM), all state
information is lost when power supply is shut down. In case some state informa-
tion is needed when execution resumes, additional overhead is encountered for
restoring the state of the unit upon re-assertion of the power supply. First, the
state information must be stored elsewhere in the system during the shutdown
period. Second, it must be loaded in the internal memory of the unit before
normal execution can resume. The overhead for state storage and startup may
be substantial in both time and power dissipation.

Because of the aforementioned practical difficulties, the power supply shut-
down scheme is employed at a very coarse level of granularity. The power
supply of entire chips or boards can be turned off to save power, but we are
not informed of any attempt of applying this power management technique on
relatively small units inside a chip. System-level power management is studied
in a later chapter. At the logic level (and at fine granularity) power supply
shutdown is not used and other power management schemes are generally ex-
ploited.

3.3.2 Clock gating

If candidate units for power management are selected according to the granu-
larity guidelines specified in the previous section, the input boundary of a unit
is a set of sequential elements. In this case, an effective and low-overhead shut-
down scheme is based on the concept of gated clock. A gated or gualified clock
is a clock signal that can be stopped (i.e., forced to a constant logic value) by a
logic control signal which is computed during normal operation. The abstract
gated clock generation scheme is shown in Figure 3.7 (a).

When signal CNTRL = 1, the clock-gating logic C'C freezes the clock to
a constant logic value (either 0 or 1). A simple circuit for implementing CC
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Figure 3.8.  Timing diagram of the GCLK signal

(taken from [west92]) is shown in Figure 3.7 (b); the CMOS pass-transistor
is controlled by signal CNTRL. In this case we use the negative polarity of
CNTRL. When CNTRL = 1, its complement CNTRL' = 0. The pass-
transistor is OFF and the NMOS transistor is ON, connecting GCLK to
ground. In this implementation, the clock is held at the logic zero value when
it is gated.

In the gated-clock-based power management scheme, the clock inputs of
all flip-flops at the input boundary of the unit are connected to the GCLK
signal. When the gated clock is stopped, power consumption is minimized in
the power-managed unit because the flip-flops do not receive any raising clock
edge, hence their outputs do not change, no matter what happens to their
data inputs. Notice that, differently from the supply shutdown case, power
dissipation is not nullified in the unit. Leakage power is still dissipated because
it does not depend on signal transitions. Moreover, clock gating is specifically
targeted towards static CMOS technology. State storage elements in dynamic
CMOS logic need to be refreshed periodically in order not to loose the state
information. Fortunately, this is not true in static CMOS, where the value
stored in the flip-flops is preserved indefinitely (if power supply is maintained).

Although the gated clock implementation of Figure 3.7 (b) has a low over-
head, it has one serious limitation. If signal CNTRL has a glitch (i.e., a 0-1-0
transition) when CLK is high, the glitch propagates on the GLCK output,
producing one additional raising edge on the flip-flops clock input (as shown in
Figure 3.8 (a). The additional raising edge may have disastrous effects on the
functionality, because it causes sampling on the inputs before the end of the
cycle time. This behavior must be avoided to preserve correct functionality.
The simplest way to do that is to require stability of CNTRL when CLK = 1.
Unfortunately this requirement is a severe one, and it may greatly complicate
the logic for computation of CNTRL.

An alternative, and better solution is shown in Figure 3.7 (¢). The block
labeled “L” represents a latch, transparent when the global clock signal CLK
is low. The presence of the latch L is required for the correct behavior of
the proposed gated clock implementation: it filters any spurious transitions
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Figure 3.9.  Optimized clock-gating circuit

on CNTRL that may occur when CLK is high, as shown in Figure 3.8 (b).
CNTRL may also glitch when the clock is low, but in this case the AND gate
itself will filter out the spurious transitions, because the global clock signal has
the controlling value.

This solution has a larger overhead than the simple implementation based
on the pass-transistor gate. In particular, speed overhead must be considered.
The simple solution adds only a pass-gate delay on GCLK with respect to
CLK, while the latch-based solution adds the latch and the AND gate delay
on GLK. In order to verify the correctness of the gated clock implementation,
we first need to ascertain that timing constraints are not violated by CNTRL.
To check this condition, we first perform timing analysis of the logic network
that generates the CNT RL signal. We call the critical path delay through this
network T .

If we collect the delays through the latch and the AND gate (Figure 3.7)
and the setup time of the input flip-flops in one worst-case parameter Ty,. we
obtain the following constraint inequality for the activation function:

Tm‘it <T - Twc (32)

Moreover, the presence of a gate on the clock path usually implies increased
clock skew. In a completely automated synthesis environment it should be
possible for the designer to specify accurate skew control for the gated clock
line, thus preventing possible races or timing violation. The insertion of gated
clock may also decrease testability. The reader is referred to [fava96] for a de-
tailed treatment of the testability issues involved in clock gating. In [fava96] it
is shown that testability can be preserved in gated-clock circuits with a small
overhead caused by the insertion of observability (and, optionally, controllabil-
ity) points.
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It is possible to reduce the area, power and speed overhead of the clock-gating
circuit shown in Figure 3.7 (¢) by optimizing its transistor-level implementation.
Chandrakasan [chan95] presented a clock-gating circuit, shown in Figure 3.9 (a),
which is based on a small and power-efficient CMOS flip-flop family [yuan89]
called true single phase clock (TSPC). The circuit without transistor M C is the
standard TSPC flip-flop, that behaves as an ordinary raising edge-triggered flip-
flop. The presence of transistor M C' causes the output to be driven to zero
whenever CLK is 1. Hence, when CNTRL' = 1, output GCLK is a replica
of the clock signal. When CNTRL' = 0 the output is stuck at 0. Notice that,
similarly to the circuit in Figure 3.7 (¢), the only requirement on input CTRL'
is to be stable when the raising edge of the clock signal arrives. With this clever
implementation, only one modified TSPC flip-flop (12 transistors) is needed to
generate the gated clock signal GCLK.

An alternative, more compact implementation can be obtained by directly
optimizing the logic-level implementation of Figure 3.7. The AND gate is
transformed in an equivalent NOR gate with inverted inputs. Then, the double
inversion on the top input is canceled. Finally, latch L is implemented by a
simple pass transistor gate. The transistor-level schematic of the optimized
implementation is shown in Figure 3.9 (b). It only requires 8 transistors, thus
it is more compact (and less power consuming) than the TPSC-based imple-
mentation. Unfortunately, it introduces larger clock skew. The TPSC-based
implementation introduces a PMOS and an inverter delay on CLK (with re-

spect to CLK), while the smaller implementation introduces an inverter and a
NOR gate delay.

In summary, area and power of the clock-gating circuit can be much re-
duced by careful transistor-level optimization. Increased clock skew is probably
the main limitation of power management scheme based on clock gating. Al-
though clock skew can be effectively controlled by exploiting recently developed
computer-aided algorithms and circuit techniques [cong97], in some conserva-
tive design styles (such as those used for FPGAs), the use of gated clocks is
strongly discouraged, and less aggressive solutions should be chosen. Neverthe-
less, the relatively low overhead and the high effectiveness of clock gating are
strong points in favour of this scheme.

3.3.3 Enabled flip-flops

When clock gating is not allowed in the logic design methodology of choice,
less aggressive (and less effective) solutions can be chosen. A very safe and
conservative approach is based on enabled flip-flops. Enabled flip-flops are
sequential primitives with an additional input control signals EN. When EN =
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Figure 3.10.  Enabled flip-flop

0 the data input value is not loaded into the flip-flop, and the state (and output)
value is held constant.

The logic-level schematic of the enabled flip-flop is shown in Figure 3.10.
Notice that the clock line is connected directly to the clock input of the flip-
flop. To shut down a unit with enabled flip-flops at the input boundary, the
powerdown signal CNT RL must be inverted and connected to the EN inputs
of all flip-flop. Differently from the gated clock scheme, no logic is inserted on
the clock tree, hence the concerns on clock skew are eliminated. This shutdown
scheme is suitable for design flows where either clock skew is not easily control-
lable or design validation tools (timing analysis and testing) cannot deal with
gated clocks.

The main advantage of this scheme is that it can be completely analyzed
without any special provision by standard logic-level design validation tools
(such as static delay analyzers and ATPG programs). Unfortunately, the
scheme has a sizable overhead with respect to clock gating, and it is not as
efficient in saving power. The main overhead is caused by the replacement
of the basic sequential primitives with enabled flip-flops. This must be done
for all flip-flops at the inputs of the power-managed units, with a cost pro-
portional to the number of inputs, because enabled flip-flops are larger (and
more power-consuming) than standard flip-flops. Clock gating does not require
special sequential primitives and the additional clock-gating logic (a latch and
an AND gates) istantiated in the gated clock scheme is shared among all input
flip-flops. Moreover, an additional, heavily loaded line is added to the circuit
(the CNTRL line is loaded with the input capacitance of all EN inputs), and
the power dissipation of the clock line is not reduced at all when the unit is
shut down.

As a result, power management solutions based on enabled flip-flops are con-
venient only in the case the unit is idle for a substantial fraction of the operation
time and, above all, it has a relatively small number of input flip-flops compared
to the number of internal combinational gates. A conservative implementation
style have a significant overhead. Although power management based on en-
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abled flip-flops can be beneficial, the implementation based on gated-clock is
intrinsically superior when power savings are the primary concern.

3.4 CONCLUSION

In this chapter we have introduced the key concepts of power management
based on external and internal idleness. External idleness is a condition where
the outputs of a unit are not observable at the primary outputs of the system.
Internal idleness is a condition where input transitions do not propagate to the
outputs of a unit. In both cases, the unit can be shut down while idle, thereby
reducing power dissipation. Although we have described internal and external
idleness at the logic level, the same concepts are exploited at higher level of
abstraction. Hence, a clear understanding of the nature of idleness and the
mechanics of idleness exploitation are a prerequisite for the understanding of
the more advanced material that will be introduced in the following chapters.

We have also described and analyzed several alternative shutdown mecha-
nisms, namely, power supply shutdown, clock gating and enabled flip-flops. The
choice among these alternatives is dictated by the tradeoff between technolog-
ical challenges and overhead against achievable power reductions. For CMOS
logic with small leakage power dissipation, clock gating is probably the most
attractive solution, because it conjugates low overhead with high effectiveness
in reducing the power dissipation of idle units.

We have addressed the issue of selecting an appropriate level of granularity
for the application of logic-level power management techniques. We formulated
a simple rule of thumb for estimating the maximum ratio between size of the
additional power management circuitry and the size of the target unit. More-
over, we stressed the importance of selecting units with memory elements at
the input boundaries. Finally, we emphasized the need of reliable estimates
of input pattern distribution. Such information is paramount for discriminat-
ing between high-probability idle conditions that should be exploited for power
managing the unit and low-probability idle conditions that can be neglected.
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4 POWER MANAGEMENT FOR
CONTROL UNITS

Non habent isti otium, sed iners negotium.

They are not idle, but they have idle occupations
—Seneca
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4.1 INTRODUCTION

In this chapter we begin the analysis of computer-aided techniques for logic-
level power management. The concepts outlined in the previous chapter are
cxploited in an algorithmic framework which supports the automatic generation
of powcr-managed circuits with little effort on the designer’s side. The input
information required by the synthesis tool are a functional specification and
a set of typical input patterns (or an input probability distribution). The
techniques presented in this chapter specifically target control circuits modeled
as finite-state machines.

Two techniques are presented. The first one exploits internal idleness to
reduce the power wasted by circuit activity induced by input transitions that
do not propagate to the outputs. The second technique is more aggressive and
is applicable even to units that do not have any apparent internal idleness. In
this case the initial specification is transformed into an equivalent one where
idleness is exposed and can be exploited.

Both techniques follow a top-down paradigm. The distinction between top-
down and bottom-up approaches is based on the format of the initial speci-
fication. For the techniques presented in this chapter, the circuit is specified
abstractly as a finite-state machine, and the end product of the optimization
tool is a mapped logic network. In the next chapter we will also consider a
bottom-up approach where the starting point is a mapped logic network. The
top-down paradigm has advantages and limitations. The key advantage is that
the high level of abstraction of the specification makes it easy to detect idleness
and to apply transformations for better exploiting it. Needless to say, it is hard
to accurately estimate the cffect of FSM-level transformations on power, speed
and area. Because of the high level of abstraction, the optimizations have some
uncertainty margin that should always be taken into account. Nevertheless, it
is a general rule that applying transformations at a high level of abstraction is
more likely to have bigger impact.

Probably the most serious limitation of the top-down optimization tech-
niques based on FSM specification is that they are applicable only to relatively
small control units. Although top-down techniques do achieve sizable power
reductions on the system components they are applied to, they may not im-
pact the overall power consumption as much, because large data-paths are not
specified as FSMs. Bottom-up techniques, introduced in Chapter 5 partially
overcome this limitation. Unfortunately, they require a more complex algorith-
mic machinery to extract and exploit idleness, and may not be as effective in
transforming the specification in an equivalent one where idlencss is exposed.
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4.2 TOP-DOWN SYNTHESIS

The first technique we analyze is based on the exploitation of internal idleness.
We move from the observation that during the operation of a FSM there are
conditions such that the next state and the output do not change (i.e., the
machine is internally idle). Therefore, clocking the FSM only wastes power
in the combinational logic and in the registers. If we are able to detect when
the machine is idle, we can stop the clock until a useful transition must be
performed and the clocking must resume. The presence of a gated clock has a
two-fold advantage. First, when the clock is stopped, no power is consumed in
the FSM combinational logic, because its inputs remain constant. Second, no
power is consumed in the scquential elements (flip-flops) and the gated clock
line.

Detecting idle conditions requires some computation to be performed by
additional circuitry. This computation dissipates power and requires time.
Sometimes it will be too expensive to detect all idle conditions. It is therefore
very important to select a subset of all idle conditions that are taken with high
probability during the operation of the FSM. As it will be clarified later, idle
conditions correspond to self-loops of Moore FSMs, and therefore it is relatively
easy to detect them. Idle conditions in Mealy FSMs can also be detected, but
with more effort.

An algorithmic framework for the automatic synthesis of power-managed cir-
cuits is based on two key procedures. First, idle conditions must be extracted
from a given FSM specification. Second, clock-stopping logic must be synthe-
sized. The automatic synthesis of clock-stopping logic must take into account
the trade-off between the cost (in area, speed and power) of the additional
instantiated circuitry and the power saved by shutting down the FSM during
idle periods. More specifically the synthesis algorithm algorithm should choose
a subset of all idle conditions such that the clock-stopping circuitry is as small
and fast as possible, dissipates minimum power, but stops the clock with high
efficiency. Procedures for idleness extraction and synthesis of clock-stopping
logic will be described in the following sections.

Experimental results will be presented for a number of benchmark circuits
specified by state tables. Since state table specifications are suitable only for
small sequential systems, the largest example we present has a few hundreds of
states. However, some relatively large designs are specified as interconnection
of state machines. If the technique is applied to each component FSM, the
overall power savings can be good.

For some circuits more than 50% reduction in average power dissipation
has been obtained, but quality of results is strongly instance-dependent. In
particular, internal idleness exploitation is well suited for FSMs that behave as

97



88 DYNAMIC POWER MANAGEMENT

STATE STATE _J

IN Combinational ;¢ N Combinational |
Logic — Logic —
CLK CLK
(a) (b)

Figure 4.1. (a) Single clock, flip-flop based finite-state machine. (b) Gated clock version.

reactive systems: they wait for some input event to occur and they produce a
response, but for a large fraction of the total time they are idle. As previously
discussed, examples of such behavior can be found in portable devices such as
pagers which are typical reactive systems, and for which power minimization
in important.

4.2.1 Gated-clock FSMs

Consistently with Chapter 3, we will assume a single clock scheme with edge-
triggered flip-flops, shown in Figure 4.1 (a). This is not a limiting assumption.
The method can be applied to different clocking schemes as shown in [beni94al
(where transparent latches and multi-phase clocks are used).

The FSM model of Figure 4.1 (a) is different from the generic FSM struc-
ture we described in Chapter 2, where the primary inputs are not latched (we
define as latched an input which is directly connected to a flip-flop). The FSM
structure without latched inputs is seldom used in the design practice. In a
large system, control logic and data-path are always decomposed in interact-
ing sub-units. The interface between sub-units (interacting FSMs in our case)
usually consists of sequential elements [west92] (in our case, D-flip-flops).

A gated clock FSM is obtained by modifying the structure in Figure 4.1
(a). We define a new signal called activation function (f,) whose purpose is to
selectively stop the local clock of the FSM, when the machine does not perform
state or output transitions (i.e., when the FSM is internally idle). Activation
function f, corresponds to signal CNT RL defined in Chapter 3: when f, =1
the clock will be stopped. The modified structure is shown in Figure 4.1 (b).
Remember that block labeled “L” represents a transparent latch as explained
in Chapter 3.

The modified circuit operates as follows. We assume that the activation
function f, becomes valid before the raising edge of the global clock. At this
time the clock signal is low and the latch L is transparent. If the f, signal
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Figure 4.2. (a) STG of a Mealy machine. (b} STG of the equivalent Moore machine.

becomes high, the upcoming edge of the global clock will not filter through the
AND gate and therefore the FSM will not be clocked and GCLK will remain
low. Note that when the global clock is high, the latch is not transparent and
the inverted input of the AND gate cannot change at least up to the next falling
edge of the global clock.

The activation function is a combinational logic block with inputs the pri-
mary input IN and the state lines STATE of the FSM. No external information
is used, the only input data for the algorithm is the behavioral description of
the FSM and the probability distribution of the input signals.

4.2.2 Mealy and Moore machines

The definitions of Mealy and Moore FSMs have been given in Chapter 2. Con-
ceptually, Mealy and Moore machines are equivalent, in the sense that it is
always possible to specify a Moore machine whose input-output behavior is
equal to a given Mealy machine behavior, and vice versa [hart66]. Practically,
however, there is an important difference. The Mealy model is usually more
compact than the Moore model. Indeed the transformation from Mealy to
Moore involves a state splitting procedure that may significantly increase the
number of states and state transitions [hart66].

Example 4.1 In Figure 4.2 (a), a Mealy machine is represented in form of
state transition graph (STG). It is transformed into the equivalent Moore ma-
chine (using the procedure outlined in [hart66]) and the new STG is shown in
Figure 4.2 (b). The STG of the Moore machine has the output associated with
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the states, while in the Mealy model the outputs are associated with the edges.
The higher complexity in terms of states and edges of the Moore representation
s evident.

4.2.3 Problem formulation

Given the specification of the FSM and its probabilistic model (i.e., the Markov
chain associated with it, with the conventions of Chapter 2), we first want to
identify the idle conditions when the clock may be stopped. This is a simple
task for Moore-type FSMs. For each state s; we identify all input conditions
such that d(z,s;) = s;. We define for each state s;, i = 1,2,...,|S|, a self-loop
function Selfs; : X — {0,1} such that Self,, =1 V& € X where 6(z,s;) =
8.

We then encode the machine. After the encoding step every state s; has
a unique code e; and e; = [e;1,€;2,...,¢;|y(], where V is the set of the state
variables used in the encoding .

The activation function is defined as f, : X x V — {0,1}:

fa= ). Selfs, e (4.1)

Example 4.2 For the Moore machine in Ezample /.1, the self-loop function
Jor state M2a is Sel fara, = inging Similarly, all other self-loop state functions
can be obtained. We encode the states using three state variables, vy, vy, vs.
The encodings are: M0Oa — vivivy, Mla — vivevy, M2b — vivavl, MOb —
vivavs, M1b = vivavs, M2a — vivhvs. The activation function is therefore:
fa = inavivswy 4 inpuivavy + inginhvivavy + inyinhvivavh + inginbvivavs +
injingvivhus.

If the machine is Mealy-type, the problem is substantially more complex.
The knowledge of the state and of the input is not sufficient to individuate
the conditions when the clock can be stopped. If only the next state lines and
the inputs are available for the computation of the activation function, we do
not have a way to determine what was the output at the previous clock cycle.
This is a direct consequence of the Mealy model: since the outputs are defined
on the edges of the STG, we may have the same next state for many different
outputs. The important consequence is that, even if we know that the state is
not going to change, we cannot guarantee that the output will remain constant
as well, and therefore we cannot safely stop the clock.

Example 4.3 Consider the Mealy FSM in Ezample 4.1, and refer to Figure
4.1 for the implementation. If we use only the lines IN and STATE as inputs
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for the calculation of the activation function, we may for example observe state
S2 on the next state lines, and input 10. Observing the STG, we know that for
this state and input configuration the state will not change and the output will
be 10 in the next clock cycle. Unfortunately, we do not have any way to know
what is the output value in the current clock cycle (it could be either 10 or -1).
The Moore model does not have this problem, since we know the output when
we know what the state is.

There are two ways to solve this problem. The simpler way is to use the
outputs of the FSM as additional inputs to the activation function. The other
approach is to transform the STG in such a way that the FSM will be func-
tionally equivalent to the original one, but it is possible to detect conditions
where the clock can be stopped by observing only input and state lines.

In this section, we investigate the second method because the initial specifica-
tion is in state table format. The state table is a behavioral, implementation-
independent specification, therefore we still have the freedom to modify the
number of states and the STG structure (this is not the case if we start from
a synchronous network that is an implementation of the STG). In Chapter 5
we will assume a structural specification. In that case, the second method is
not viable, since the circuit structure is given. We will then explore the first
method.

The simplest transformation that enables us to use only input and state
signals as inputs of the activation function f,, is a Mealy to Moore transfor-
mation. The algorithm that performs this conversion is well known [hart66]
and its implementation is simple, but it may sensibly increase the number of
states and edges (correlated with the complexity of the FSM implementation).
In the next subsection we propose a transformation that enjoys the advantage
of the Mealy-to-Moore transformation (namely, it is sufficient to sample input
and state signals to decide when the clock can be stopped), but docs not suffer
from the drawback (i.e., the excessive increase in number of states).

4.2.4 Locally-Moore machines

We now define and study a transformation that enables us to use a Moore-
like activation function without a large penalty in increased complexity of the
FSM. We define a Moore state as a state such that all incoming transitions have
the same output. Formally, the subset of Moore states of a Mealy machine is:
{s € S|VreX,VreSdzr)=s = Alx,r) =const}. States that are not
Moore states will be called Mealy states.
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Proposition 4.1 Consider a Mealy state s with k different values of the out-
put fields on the edges that have s as a destination. The Mealy state can be
transformed in k Moore states. No other state splitting is required.

The FSM could be transformed by simply applying the Mealy to Moore
transformations locally to states that have self-loops. The local Moore trans-
formation has the advantage of allowing us to concentrate only on states with
self-loops, avoiding the useless state splitting on the states without self-loops.
The potential disadvantage is an increase in the number of states related to
the number of different outputs on incoming edges of Mealy states (Proposi-
tion 4.1). In order to further reduce complexity, it is possible to split Mealy
states with self-loops into simple pairs of states, where one state is Moore-type
by construction with a self-loop that has maximum probability, and the other
may be Mealy or Moore. The activation function f, for the transformed ma-
chine is defined as the union of all input and state values on self-loops leaving
Moore states. The details of the splitting procedure are quite involved and will
not be described here. The interested reader is referred to [beni96, beni97c| for
an exhaustive treatment.

This procedure is advantageous for many reasons. First, the increase in
the number of states is tightly controlled. In the worst case, if all states are
Mealy-type and have self-loops, we can have a twofold increase in the number
of states. Second, the self-loops with maximum probability are selected. Third,
if we really want to limit the increase in the number of states, it is possible to
define a threshold for splitting. The states are ordered for decreasing probability
of their self-loops and only the first k states in the list are duplicated. We call
the FSM obtained after the application of this procedure locally-Moore FSM,
because in general only a subset of the states is Moore-type.

Example 4.4 The transformation of the Mealy machine of Example 4.1 pro-
duces the locally-Moore FSM shown in Figure 4.8. The shaded areas enclose
states that have been split. The Moore states with self-loops are drawn with thick
lines. The number of states and edges of the locally Moore machine is smaller
than those that we obtained with the complete Mealy to Moore transformation
(state SO has not been split).

The inputs are iny and ino. Assume that we use three state variables for the
encoding: v, va and v3. The state codes are LMOa — vivhvl, LMIla — vivhvs,
LM2a — vivovy, LM1b — vivyvs and LM2b — vivhv. The activation function
includes all self-loops leaving Moore states: f, = inpvivhvl + injinhvjvhvl +
N2V VU3 + IN1INSU Va3 + inginbvvhuy.

Once the activation function has been found, we still need to solve the prob-
lem of synthesizing the clock-stopping logic in an optimal way. This problem
will be addressed in the next subsection.
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Figure 4.3.  STG of the locally-Moore FSM

4.2.5 Optimal activation function

The most obvious approach to the synthesis of the activation function is to
use the complete f,. This is seldom the best solution, because the size of the
implementation of f, can be too large, and the corresponding power dissipation
may reduce or nullify the power reduction that we obtain by stopping the clock.
Roughly speaking, it is necessary to be able to choose a function contained in
f. whose implementation dissipates minimum power, but whose efficiency in
stopping the clock is maximum. We call such function F, C f, a subfunction of
fa. Here we exploit the isomorphism between set theory and Boolean algebra.
Boolean function are seen as sets of minterms. A subfunction of f, is therefore
a function whose on set is contained in the on set of f,.

A straightforward solution to this problem is the following. First, a minimum
cover of f, is obtained by a two-level minimizer. Then, the largest cubes in
the cover are greedily selected until the number of literals in the partial cover
exceeds a user-specified literal threshold. The rationale of this approach is
that generally large cubes have high probability and the primes that compose
a minimum cover are as large as possible. There are several weak points in this
approach.
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m Thereis no guarantee that choosing the largest cubes in a cover will maximize
the probability of the cover, because in general the probability of a cube
depends on the input and state probability distribution. Even if we assume
uniform input probability distribution, the state probability distribution is
in general not uniform.

m The function sought may not be found by looking only at a subset of cubes
of the minimum cover of the original activation function. The number of
possible subfunctions of f, is much larger than the functions that we can
generate using subsets of the cubes of the minimum cover.

®» Even if we restrict our attention to the list of cubes in the minimum cover
of f, assuming uniform distribution for input and states, the cubes of the
cover are in general overlapping (the minimum cover is not guaranteed to
be disjoint). Finding the minimum-literal, maximum-probability subset of
cubes becomes a set covering problem that certainly is not solved exactly by
a greedy algorithm.

m The relation between the number of literals in a two-level cover of the acti-
vation function and the power dissipation of a multilevel implementation is
not guaranteed to be monotonic.

We now formulate the problem that we want to solve in a more rigorous way.

Problem 4.1 Given the activation function f,, find F, C f, such that its
probability P(F,) is P(F,) > MinProb = aP(f,), (with 0 < a < 1) and the
number of literals in a two-level implementation of F, is minimum.

We call this problem constrained-probability minimum literal-count cover-
ing (CPML). Notice that we could as well formulate the dual problem, con-
strained literal count cover with maximum probability. The two problems can
be solved using the same strategy, and are equivalent for our purposes. With
the assumption of a good correlation between number of literals and power
dissipation, CPML can be solved in an exact fashion by a branch-and-bound
algorithm [beni96]. The algorithin for the the solution of CPML is too involved
to be described here. We will provide the key theoretical results that enables
its solution and we will simply sketch the optimization procedure.

Apparently, the first source of difficulty comes from the fact that we are
not constrained to completely cover f,, therefore, the “algorithmic machinery”
(i.e., the minimum covering algorithms based on Quine theorem, introduced in
Chapter 2) developed in the area of two-level minimization seems not useful.
We first show that this is not true. Consider the set of primes of f,, called
Primes(f,). Consider the set Suby, of all possible subfunctions of f,. The set
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of primes of a generic subfunction F, € Suby, is called Primes(F;). We state
the following theorem.

Theorem 4.1 For every prime p € Primes(F,) only two alternatives are pos-
sible.

s p € Primes(f,).

® p is contained in at least one element g of Primes(f,) (consequently its
literal count is larger than the literal count of q).

For the proof of the theorem, refer to [beni96]. The important consequence
of this theorem is that we do not need to generate all possible subfunctions
of f, in order to find a minimum literal count subfunction F, that satisfies
the probability constraint. We can restrict the search to subfunctions that are
formed by subsets of Primes(f,). Functions that belong to this class have all
primes in the first category of Theorem 4.1. The optimal implementation of the
activation function can be found by carefully selecting a subset of the primes
of fo. Exact (and computationally expensive) as well as heuristic (and fast)
procedures for prime selection are described in [beni96).

4.2.6 The overall procedure

We can now briefly outline the full procedure used for the synthesis of the
low-power gated-clock FSMs. The starting point is a FSM specified with a
transition table or a compatible format. The synthesis flow is the following.

m The Mealy machine is transformed to an equivalent locally-Moore machine.

m The complete activation function f, is extracted from the Moore states of
the locally-Moore machine.

m The probability of the complete f, is computed.
a The prime set Primes(f,) is generated.

m The minimum literal count solution F, whose probability is a pre-specified
fraction « of the probability of f, is found.

m F, is used as additional don’t care set for optimizing the combinational logic
of the FSM.

The last step can sensibly improve the quality of the results, in particular if

F, is large. Unfortunately, it is hard to foresee the effects of F, used as don't
care set. Sometimes it may be convenient to choose a F, that is not minimal in
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the sense discussed above, if it allows a large simplification in the combinational
part of the FSM. A heuristic approach is to try different F, that range from
the complete f, to a much smaller subfunction, in an attempt to explore the
trade-off curve.

This iterative search strategy raises the problems of choosing appropriate
values of the parameter & < 1 (as defined in Problem 4.1) used to scale down
the probability of f, when the reduced activation functions are generated. An
effective approach is to generate a set of reduced activation functions Candp
using different values of «, in such a way that the possible range of solutions
is uniformly sampled. We briefly outline a heuristic procedure that generates
suitable a values.

Initially, the user specifies the number of candidate solutions Negnq that
should be generated by the tool. Then, the values of o are generated by uni-
formly dividing the interval [0, 1]:

Qg = i/Ncrmd 1= 1, 2, ceey Nmmd (42)

It may be the case that for two or more consecutive values «;, the algorithm
generates the same solution. This happens for example when eliminating even
a single prime from a solution generated for ¢ + 1 causes a decrease in the
P(F},) in the solution generated for ¢ larger than P(f,)/Ncanq. In this case the
algorithm adaptively select new values of a such that the new candidates will
have a probability between those of solutions generated with two consecutive
values of a that have maximum literal cost difference.

Obviously, if large N qnq are used, the computational time required to gener-
ate Candp increases. Notice however that only the last two steps in the overall
procedure described before need to be iterated, and usually a small number of
different, values of « is sufficient to find a satisfying solution.

4.2.7 Experimental results

We implemented the power optimization algorithm described above and we
performed several experiments to assess its effectiveness and applicability. The
state transition table of the FSM are first read. The first step of the optimiza-
tion procedure is the transformation of the Mealy machine to a locally-Moore
machine and the extraction of the self-loops from the Moore states.

An input probability distribution must be specified by the user. For our
experiments we set the input probabilities to 0.5 for all inputs, since we did not
assume any information on the environment where the FSMs are embedded.
Moreover, we assumed that every input line has a maximum of one transition
per clock cycle. This is an optimistic assumption, because multiple input tran-
sitions (high transition density) may increase the power dissipated in the activa-
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tion function logic (but not in the FSM logic because the input are guarded by
flip-flops). If inputs with high transition activity are present, smaller activation
function should be allowed.

The power method (described in Chapter 2) is applied to compute the exact
state probabilities given a conditional input probability distribution. Notice
that this step can be modified to use the exact and approximate methods
described in [hama94, mont94, marc94] that have been demonstrated to run on
very large sequential circuits. Simple sparse matrix techniques are sufficient to
efficiently process all MCNC [mcnc91] benchmarks provided in state transition
table format (= 10sec. on a DECstation 5000/240 for the largest example
$298).

After state probability and transition probability computation, state codes
are assigned to both the original machine and the locally-Moore FSM using
JEDI [lin89]. Once the state codes have been assigned, the probabilistic-driven
procedure for the selection of the activation function can start. CPML is solved
and an optimal reduced activation function F, is computed.

The user specifies the number of activation functions that the procedure
should generate, and CPML is solved as many times as it is requested for
different probability constraints. Surprisingly, for all MCNC benchmarks this
step has never been the bottleneck, the CPU time being in the order of 30
seconds maximum. This is certainly due to the fact that the majority of the
FSM MCNC benchmarks do not have a large number of self-loops (in particular
the larger ones). Nevertheless, even if difficult cases are found, fast heuristic
solution can be computed.

The combinational logic of the locally-Moore FSM is then optimized in SIS
[sent92] using the additional don’t care set given by the activation function.
This step is repeated for all activation functions generated in the preceding step,
and alternative solutions are generated. The don’t care-based minimization of
the combinational logic using the activation functions is the main bottleneck
of the procedure. The user has the possibility to specify a CPU-time limit for
each minimization attempt. This of course limits the possible improvements
obtainable on large FSMs.

The activation functions are also optimized using SIS, then the alternative
solutions are mapped with CERES [mail91}, and the gated clock circuitry is
generated. Again the same optimization and library binding programs are
used for both the original Mealy machine and the locally-Moore gated clock
machines. We employed a simple target library which includes two, three and
four input gates. The flip-flops have a master-slave structure, and their cost
(in terms of area and input load capacitance) is approximatively equivalent to
2 three-input logic gates.
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Finally the alternative gated clock implementations and the implementation
of the original Mealy FSM are simulated with a large number of test patterns
using a switch level simulator (IRSIM [salz89]) modified for power estimation.

The quality of the results strongly depends on two factors. First, how much
state splitting has been needed to transform the machine to a locally-Moore
one. Second, for what percentage of the total operation time the FSM is in a
self-loop condition (this depends on the FSM structure and on the input prob-
ability distribution). For machines with a very small number of self-loops or a
very low-probability complete activation function, the chance of improvement
is limited or null. This is the case for many MCNC benchmarks for which
the final improvement is negligible. As for the first problem, it may be worth
to investigate if, in case the state duplication is too high, using an activation
function with the outputs of the FSM as additional inputs may lead to better
results.

Example 4.5 The Mealy machine of Example 4.1 has been synthesized without
any gated clock. The number of states is 3, the mapped implementation has
124 transistor and a total nodal capacitance of 2.32 pF. The average power
dissipation is 52 pW.

The minimum power implementation (obtained with the complete activation
function in this case) of the equivalent locally-Moore gated clock machine has
178 transistors and a total nodal capacitance of 3.14 pF. The average power dis-
sipation is 42 uW. Notice that the efficacy of the activation function in stopping
the clock allows substantial power savings (24%) cven if the total capacitance
is larger (85%). This is due to the fact that the locally-Moore machine has 5
states, and its combinational logic is more complex. In contrast, with a complete
Moore transformation the minimum power implementation has 196 transistors
and total nodal capacitance of 53.39 pF. Its power dissipation is 48 pW.

Table 4.1 reports the performance of power management on a subset of the
MCNC benchmarks. The first six columns show the area (number of transis-
tors) and the power dissipation of the normal Mealy FSM, the locally-Moore
FSM without gated clock and the locally-Moore machine with gated clock.
The last three columns show the percentage power reduction (computed as
100(Prreaty — Poated)/ Pineaty)), the size (in transistors) of the activation func-
tion and the « factor used in the solution of CPML leading to the best result.
Notice that, if there is no power improvement the improvement is set to 0.

The tool is able to process all benchmarks, but in the table we list examples
representative of various classes of possible results. The benchmarks bbara
and test are reactive FSMs. The high number and probability of the self-
loops allow an impressive reduction of the total power dissipation, even if the
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Original  Locally-M. Gated
Circuit  Size P Size P Size P % F, Size «

bbara 330 67 422 72 408 34 49 74 1
bbsse 640 121 742 137 736 119 2 140 1
bbtas 142 56 138 57 164 44 21 34 93
keyb 721 128 754 132 820 114 10 62 91

lion9 188 60 226 60 248 52 13 8 .25
5298 7492 899 7496 900 7502 810 10 14 1
5420 544 132 544 132 602 108 18 44 .75
scf 3222 437 3222 437 3169 400 8 26 1
styr 1474 159 2468 230 2534 208 O 560 75
test 348 73 442 76 374 32 56 64 .88

Table 4.1. Results on MCNC benchmarks. Size is number of transistors. P (power) is in
pWw.

area penalty is not negligible. For this class of FSMs, power management gives
its best results.

In contrast, for bbsse and styr there is no power reduction or even a power
increase. The bbsse benchmark is representative of a class of machines where
the number and probability of the self-loops is too small to obtain substantial
power savings. The styr benchmark has many self-loops, but they all have
low probability. Moreover, the transformation to locally-Moore machine has a
too large area overhead in this case. Therefore, even if there are power savings
with respect to the locally-Moore implementation without clock, the smaller
Mealy implementation has the lowest power consumption.

For all other examples in the table the power savings vary between 10% and
30%. For some of these machines (s420 and scf), there is no area overhead for
the locally-Moore transformation. This happens when all states with self-loops
are already Moore states in the original FSM. We included some of the larger
examples in the benchmark suite ( 5298 and scf) to show the applicability of
the method to large FSMs.

From the analysis of the results, it is quite clear that several complex trade-
offs are involved. First, the transformation to locally-Moore machine can some-
times be very expensive in terms of area overhead. Second, the choice of the
best possible activation function is paramount for good results. In fact, for
many examples, the complete activation function was too large, and reduced
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Circuit  PGi0q/Phatea  Proerit/Ploc m  PGated! Ploemss  Plateal Phoe m
bbara 1.2777 2.7006 0.3624 0.7660
bbsse 1.5317 2.5386 0.7601 1.2597
bbtas 1.2242 1.8715 0.6861 1.0488
keyb 2.4024 3.2242 0.8185 1.0985
lion9 2.0734 2.2749 0.8937 0.9806
5298 17.7560 17.9872 0.9887 1.0016
5420 1.3517 1.5251 0.8126 0.9169
scf 2.8988 2.7368 0.9274 0.8755
styr 4.2330 4.3990 0.8969 0.9320
test 1.1751 2.8957 0.3048 0.7512

Table 4.2. Partition and comparison between power dissipation in clocking logic and FSM
logic for locally-Moore and gated-clock FSMs

activation functions gave better results. Notice however that for some examples
the efficiency of the activation function in stopping the clock was such that the
power was sensibly reduced even with large area overhead.

Having discussed how much power is saved, we address now the problem of
where the power is saved. The FSM clock is stopped only when the next state
variables and the outputs are not going to change in the upcoming clock cycle.
It may be possible to think that power is saved only in the flip-flops and the
clock line. This intuitive observation is deceiving, because power is also saved
in the combinational logic, as it is shown in Table 4.2. We have compared
in the table the power dissipation of the locally-Moore implementation with
and without gated clock. We compare to the locally-Moore FSM because its
STG is isomorphic to those of the gated-clock FSM. Hence, all modifications
are due only to the insertion of the activation function. The comparison with
the Mealy machine is less explicative because the locally-Moore transformation
modifies the STG and consequently the next state and output function, making
impossible to distinguish how the clock-gating circuitry alone affects the power
dissipation.

In the first two columns of the table, for the two implementations, we com-
pare the ratio of the power dissipated in the combinational logic (flip-flops
outputs, all nodes in the FSM logic and outputs) and the power dissipated in
the clock-related circuitry (activation function, clock lines, NAND gate, latch,
inputs and internal nodes of the flip-flops). In the last two columns we show the
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power ratio for the combinational logic and the power ratio for the clock-related
circuitry for the two implementations.

First, notice that the ratio P¢°™m®/PCk ig almost always smaller for the
gated-clock FSMs. This result is quite intuitive, because PC% in the gated-
clock FSM includes the power dissipation of the activation function. The results
of columns 3 and 4 are somewhat counterintuitive, because they show that
there is consistently higher power saving in the combinational logic than in the
clock-related circuitry. This result is due to three factors. First, the reduced
switching activity on the outputs of the flip-flops, that are generally highly
loaded. Second, the absence of propagation to internal nodes in the FSM
logic of input transitions when the FSM is in a self-loops. Third, and most
importantly, the simplification in the FSM’s logic that is obtained using the on
set of the activation function as additional controllability don’t care set.

We want to point out that the power management methodology attains
consistent power savings not only when the clock line is heavily loaded and
large flip-flops are used, but also for very small FSMs with optimized flip-flops.
It is however important to remark that the full extent of the possible savings
is obtained only if the combinational logic is re-optimized with the increased
don’t care set previously described. Moreover, for FSMs without self-loops, the
methodology is ineffective in reducing power consumption.

In summary, the power savings depends on the fraction of the total operation
time that the FSM spends in idle condition. Don’t care optimization is very
helpful when the FSM is small and the idle time is a relatively small fraction of
the total, because it helps in reducing the overhead of the clock-gating circuitry.
For large FSMs the impact of don’t cares is generally less relevant. Even if the
power savings are biased by the initial structure of the FSM, it is important
to have an automated synthesis procedure to avoid unnecessary effort from
designers in trying to manually design clock-stopping logic.

4.2.8 Summary

In this section we have described a technique for the automatic synthesis of
gated clocks for Mealy and Moore FSMs. From the practical point of view,
the method is part of a complete procedure, starting from FSMs state-table
specification to fully mapped network, and it has been tested with accurate
power estimation tools. The quality of results depends on the initial structure
of the FSM, but we obtain important power reductions for a large class of
finite-state machines, where the probability of being in a self-loop (idle) is
high. Even if an automatic synthesis tool cannot fully replace the knowledge of
the designer in finding idle conditions at the architectural level, it may enable

111



102 DYNAMIC POWER MANAGEMENT

design exploration for cases where it is not clear if clock gating may produce
sizable power savings.

4.3 TOP-DOWN DECOMPOSITION

In the previous section we demonstrated that clock gating is an effective tech-
nique for minimizing power by exploiting internal idleness. Sizable power re-
duction are obtained for reactive FSMs that are idle for a large fraction of
the operation time. We now investigate a more aggressive approach: we tar-
get the minimization of “useful” power dissipation. In other words, we focus
on reducing power consumption in sub-systems that may never be internally
idle [beni97c]. For such systems, the power management techniques presented
so far are not effective.

The fundamental intuition behind the optimization technique presented in
this section is that a sequential circuit may be decomposed into a set of small
interacting blocks. During operation, only one block is active at any given time
and controls the input-output behavior. In the remaining blocks, the clock
can be stopped and, consequently, the total power consumption is reduced. A
decomposition approach allows us to save power cven for systems that are never
idle. In other words, we expose idleness by properly decomposing a system.

Unfortunately, in many cases the behavior of the system is specified without
any consideration for power-efficient decompositions. Hence, we need to develop
procedures for the detection of such decompositions and the synthesis of a
hardware architecture where unused parts of the system can be shut down
without compromising the correctness of the global input-output behavior.

We propose a procedure for the automatic synthesis of a network of inter-
acting FSMs starting from a single state-table specification (or an equivalent
format). We call decomposed FSM the interacting FSM implementation. The
straightforward single-machine implementation is called monolithic FSM. The
monolithic finite-state machine can be decomposed into smaller sub-machines
that communicate through a set of interface signals. Usually, one single sub-
machine is clocked at any given time and it controls the outputs values while all
other sub-machines are idle: they do not receive the clock signal and dissipate
little power. When a sub-machine terminates its execution, it sends an acti-
vation signel to another sub-machine which takes control of the computation,
then it de-activates itself. This transition is characterized by a single cycle for
which both sub-machines are clocked.

There is full cycle-by-cycle equivalence between the input-output behavior of
the decomposed and monolithic implementation. If the FSM is embedded in a
larger system, the decomposed implementation can replace the monolithic one
and the behavior of the system remains unchanged. Given the state transition
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graph (STG), or equivalently, the state table of the FSM, the procedure decom-
poses the STG into a set of smaller STGs. Each component is then synthesized
using standard FSM synthesis algorithms. The resulting sequential circuits
are then connected and dedicated clock-control circuitry is synthesized, which
allows selective clocking of the sub-FSMs.

The total area of the interacting FSM implementation is larger than that of
the monolithic counterpart. Notice however that the increase in area is accom-
panied by more hierarchical structure: the interacting FSMs implementation
consists of small and loosely coupled blocks instead of one large highly coupled
block. This characteristic can be very useful during synthesis and the place-
ment and routing phase: small blocks are more effectively synthesized, placed
and connected. Consequently the improved power and performance of the de-
composed implementation will not be damaged by excessive wiring even if it
has arca overhead. Accurate power and timing estimation shows that the de-
composed implementation achieves on average 31% power reduction and 12%
speed improvement at the price of a 48% increase in the number of standard
cells. Since the method trades off power reduction and speed increase for area
usage, it is well-suited for high-performance VLSI systems where speed and
power are the primary concerns.

4.3.1 Previous work on FSM decomposition

Finite-state machine decomposition has been extensively studied for sev-
eral decades. Its theoretical foundations were laid down by Hartmanis and
Stearns [hart66] in the sixties. Hartmanis and Stearns defined several flavors
of decomposition and formulated numerous decomposition procedures. More
recent work [geig91] reports experimental results on the implementation of the
decomposition procedures described in [hart66].

A different viewpoint on the problem was proposed in recent years by Ashar,
Devadas and Newton [asha91] who presented numerous algorithms for the auto-
matic decomposition of FSMs specified by an monolithic state transition graph
(STG). In this work, the authors introduced the concept of factorization (an
efficient, algorithm to detect and exploit decomposition opportunities) as well as
exact and heuristic solutions to the problem of two-way FSM decomposition for
minimum-area two-level implementation. The work by Hartmanis and Stearns
is based on an algebraic model of FSMs rooted in lattice theory. By contrast,
Ashar et al. rely on Boolean algebra as the underlying theoretical framework.

More recent work is based on graph theory [royn93, kuo95]. The STG of
the FSM is decomposed using graph partitioning algorithms. The approach
presented in this section has several points in common with [royn93}]. Most
notably, they both focus on a partitioning strategy, where the initial FSM is
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decomposed in sub-modules that are never performing useful computation at
the same time. However, we target the minimization of power consumption
and we rely on a different assumption on the hardware implementation (i.e.,
gated clock versus single clock).

The algorithms mentioned so far target area minimization, or the optimiza-
tion of area-related cost functions (i.e., number of input and outputs, connectiv-
ity). Although sizable area reductions can be achieved, the average effectiveness
of decomposition techniques for area is not impressive, mainly for two reasons.
First, the majority of real-life FSMs do not have a simple decomposition, and
some replication is almost always required. Second, the computational require-
ments of the exact decomposition algorithms are too high on large examples
(where the potential savings are substantial), and heuristic solutions fail to find
good decompositions.

We believe that the potential impact of decomposition techniques for low
power and high performance is much higher. This conjecture is confirmed
in [hasa93], where decomposition techniques have reported very promising delay
reductions on multi-level logic implementation. Moreover, Chow et al. [chow96]
recently proposed a low-power decomposition approach based on the relation-
ship between state assignment and FSM decomposition that produced very
promising results. Compared to the method proposed in the following sections,
the method by Chow et al. has a smaller area overhead, a similar performance
improvement but lower power savings. Our better power saving are attributed
to the fact that Chow et al. do not use gated clocks in the decomposed im-
plementation, while their smaller area overhead is due to the fact that they
integrate decomposition and state assignment to reduce the amount of replica-
tion of logic caused by decomposition.

4.3.2 Interacting FSM structure

Let F = (X,Y, S, 50,0, A) be a monolithic Mealy-type FSM specification, where
X is the input set, ¥ the output set, S the set of states, s € S the reset
state. The next state function is § : X x S — S and the output function is
A X xS—Y.

Assume that a partition II on S is given [hart66]. A partition is defined
as a collection of n disjoint subsets of S whose set union is S, i.e II(S) =
{P1,Ps,...,P,}, such that PN P; = @ for ¢ # j, and Ui, P, = S. We call
partition blocks the subsets P;. A monolithic FSM and a two-way partition are
shown in Figure 4.4.

Given the monolithic F' and II{S) we proceed to the formal definition of
the decomposed FSM. The decomposed FSM @ is a set of n FSMs & =
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o JIs)={P1,P2)
@ Q P1 = {sl,s2, 53}

P2 = {s4, s5}

Pl

Figure 4.4. A monolithic FSM and a partition of its state set.

{F\,F,,....,F,}. We call sub-machines the FSMs F; € ®. A generic sub-
machine Fj is defined as F; = (X, Y:,S;, 80,4, 05, 7i), where:

So,; is the reset state of F;.
S;, the state set of F; is S; = P; U {s0,i}-

The input set X; is X; = X UGO_ ;. We define GO_; as follows. For each
transition from a state t € P; to a state s € P; in the monolithic FSM F,
a new signal go; , is created which is an input for F; and an output for Fj.
The set GO_ ; is the set of all go signals which are inputs for F;. In symbols:
GO_J' = {got,s | 6(',t) =s,sE€EP,te Pj, B; # Pj}.

The output set Y; is ¥; = Y U GO;,_. The set GO; _ is the set of all go
signals which are outputs for F;: GO; _ = {gos | 6(-;1) = s, s € Pj, t €
Pi1 Pi 96 P]}

The next state function 6;(x, gog,, s) is defined as follows:

d(z,s) ifs€ P andd(z,s) € P;
80,4 ifsEPiandé(z,s)EP-, Pl?éP
6i(z’goq’t’s)= t if5=80,i andgoq,tzl,]quj, tJG B, .P,;épj
80, if s = sg,; and Vgog+ € GO_ ; gog: =0

(4.3)
The definition means that every transition between states s and ¢ in the
monolithic FSM does not change its source and destination if the two states
belong to the same block P; (this case is shown in Figure 4.5 (a) and (b)). A
transition from s to ¢ belonging to different partition blocks, respectively P;

115



106 DYNAMIC POWER MANAGEMENT

x/y x/y

(») (s)

(a) (b)

Figure 4.5.  Pictorial representation of the definitions of 4; and \;

and P;, becomes: i) a transition from s to the reset state of machine Fj; ii)
a transition from the reset state to ¢ for machine F;. When a sub-machine
[} is in reset state, it exits from it only when one of the go signals is set to
one.

m The output function A;(x, go, .+, s) takes values on the new output set ¥; that
includes the original outputs of the monolithic FSM and the go outputs. We
represent the output value with the notation (i, go).

(Az,s),0) if s € P, and 6(x,s) € P;
Ai(x,9044,8) =& (Mz,8),90,: =1) ifs€ Pandd(x,s) =t € Pj, P, #P;
(0,0 otherwise

(4.4)
We used the shorthand notation (x,0) to indicate that all go outputs or are
held at value 0. Similarly, the notation (0,0) is used to indicate that all
original outputs in set X and all go signals are held at value 0. The notation
gost = 1 is used to indicate that only one go output has non-zero value,
namely gos ;. The definition of A; means that whenever there is a transition
between two states belonging to the same P;, the output of sub-machine F;
is the same as in the monolithic FSM. A transition toward the reset state
has the output value corresponding to the transition in the monolithic FSM
between state s in S; and state ¢ in S;, and asserts the go,; output. All
outputs are zero for the self-loop on s¢; and all transitions leaving sg ;.

The definition of the sub-machines F; completely defines the decomposition
strategy. To better understand the definitions of d; and A; refer to Figure 4.5.
Part (a) shows a transition in the monolithic FSM. Part (b) shows the transition
in the decomposed FSM when its source and destination state both belong to
the same partition block P; (the transition is unchanged). Part (¢) shows the
case when the source and destination state belong to different partition blocks.
For cach transition leaving a statc sub-set F; in the monolithic FSM, the sub-
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goﬁ’llaﬁ’ 10

Figure 4.6.  Decomposition of the monolithic FSM

FSM F, associated with P, performs a transition to its reset state. On the
other hand, a transition entering a sub-set I, from P; # P; corresponds to a
transition exiting the reset state in the sub-FSM F;. A sub-machine can exit
the reset state only upon assertion of a go signal by another submachine. At
any given clock cycle only two situations are possible: i) one sub-machine is
performing state transitions and all other sub-machines arc in reset state or
ii) one sub-machine is transitioning toward its reset state, while another one is
leaving it.

All inputs and outputs of the monolithic FSM are inputs and outputs of
the sub-machines. The go signals are new, additional inputs and outputs. If
an edge s — t of the original machine has head and tail state included in
sub-machine F;, the edge is replicated in Fj, with the same input and output
fields. Edges in the global FSM connecting states which belong to different
partitions are associated with edges representing transitions to and from the
reset states of the corresponding sub-FSMs. These transitions are labeled as
follows: i) edges toward reset have the same input field as the original edge,
assert an additional output go = 1 and have the same output field as in the
original transition edge of the monolithic FSM; and ii) transitions leaving reset
have only one specified input go and all outputs sct to zero. The outputs of a
sub-machine blocked in reset state are zero.

Example 4.6 Consider the FSM in Figure 4.6 (a). We assume that the state
partition is II(S) = {P1, 2} = {{st0, st1}, {st2,st3}}. The two sub-machines
created by the decomposition procedure are shown in Figure 4.6 (b) and (c).
The additional reset states are shaded. Py originates sub machine (b) and P,
originates sub machine (c). Notice that the “go” signals are shown only on the
transitions from and to the reset states. A sub-machine asserts a “go” signal
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only when transitioning to the reset state, in all other cases the signal has value
zero. Similarly, a submachine is sensitive to input “go” signals only when it is
in reset state. The “go” inputs are not observed for all other transitions.

After describing the decomposition strategy, we now focus on how to reduce
the total power dissipation of the interconnection of sub-FSMs.

4.3.3 Clock gating

In the interacting FSM system, most of the machines F; remain in state S0,i
during a significant number of cycles. If we stop their clock while they stay
in reset state, we would save power (in the clock line, the flip-flops and in the
FSM combinational logic) because only a part of the system is active and has
significant switching activity. To be able to stop the clock, we need to observe
the following conditions.

m The condition under which F; is idle. It is true when F; reaches the state
50,;- We use the Boolean function is_in_reset; that is 1 if F} is in state 50,is
0 otherwise.

® The condition under which we need to resume clocking, even if the sub-FSM
is in reset state. This happens when the sub-FSM machine receives a go
signal and must perform a transition from sg; to any other state.

We can derive Fy;, the activation function (in negative logic). The clock to
F; is halted when F,; = 1. Namely:

F,; =iscin_reset; A ( v 90p.q) (4.5)
qEF;,pEF; #F;

The first term is_in_reset;(s) stops the clock when the machine reaches S0,i-
The second term ensures that clock is not halted when one of the go, , is
asserted and the sub-FSM must exit the reset state. This activation function
allows the newly activated sub-FSM to have its first active cycle during the last
cycle of the previously active FSM. The two sub-FSMs make a transition in
the same clock cycle: one is transitioning to its idle state, and the other from
its idle state. The local clocks of F; and Fj are both active. We call transitions
of control the cycles when a sub-FSMs shuts down and another activates.

Each local clock of the FSMs F; is controlled by a clock-gating circuit. The
circuit implements the activation function F,;. We could use F,; directly as
enable signal on the flip-flops, but this scheme would let the clock lines active
and consume power, therefore we choose an aggressive implementation: the
clock itself is stopped when a submachine is inactive. The power savings on
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Figure 4.7.  Gated-clock implementation of the interacting FSMs

the clock are sizable because the clock line is heavily loaded and switches with
high frequency. We use a low-level sensitive latch for F,;, in order to avoid
spurious transitions on the clock line that would result in incorrect behavior.
Refer to Chapter 3 for a detailed description of the clock-gating circuitry.

The clocking strategy discussed so far has two important functions: reducing
power dissipation and keeping the sub-FSM in lock-step. We now address
the issue of ensuring cycle-by-cycle equivalence between the monolithic FSM
and the decomposed implementation. The outputs of the gated-clock sub-
machines are connected to n-way OR gates, one for each primary output. The
output equivalence between the decomposed machine and the specification is
guaranteed by the fact that, at any given clock cycle, only the active sub-
machine is controlling the output value, and all inactive sub-FSMs have their
output forced to zero. During the transitions of control, when a machine stops
and another resumes execution, the value of the output is controlled by the
machine terminating execution.

Example 4.7 The gated-clock implementation of the interacting FSMs of Fig-
ure 4.6 is shown in Figure J.7. The external output is obtained by OR-ing
the outputs of the sub-FSMs. Figure 4.7 also shows the clock waveforms, the
“in_reset” signals and the “go” signals. Notice that there is a clock cycle for
which both local clocks are enabled. The waveforms show how sub-FSM 1 is
deactivated and sub-FSM 2 activates thanks to the assertion of the gos si2
signal.
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The startup of the decomposed FSM is obtained by disabling F, for all sub-
FSMs when a synchronous RESET is asserted (this can be done by inserting
a AND gate controlled by RESET on the output of F,). When the RESET
signal is high, all sub-machines receive the clock signal. Notice that only the
sub-FSM containing the original reset state of the monolithic FSM is actually
set to the corresponding state code. All other machines are put in reset state
s0,; and they stop and wait for an external go signal.

4.3.4 Partitioning

The power savings in the interacting FSM implementation strongly depends on
the quality of the partition II{S). A good partition is characterized by loose
interaction between sub-FSMs and small communication overhead. We analyze
these requirements in detail.

The ideal mode of operation for the interactive FSM circuit is one of min-
imum transition of control between different sub-FSMs. When a sub-FSMs
disables itself and another one takes control, both machines arec clocked for one
cycle, the go signals involved in the control transfer change value, and the clock
control circuitry switches as well. As a result, transitions of control are power
consuming and should be avoided as much as possible.

Minimizing the number of go signals is another important objective. The
generation of such signals requires additional hardware, that increases power
dissipation. Moreover, the go signals increase the coupling between sub-machines,
complicating the placement and routing of the circuit. On the other hand, if
we reduce the number of go signals to zero, i.e., we do not decompose the FSM,
no power savings are achieved.

In summary, we should look for a partition II(S) which maximizes the lo-
cality of the computation and minimizes the hardware overhead for commu-
nications between sub-FSMs. We formally describe this problem in the next
subsection.

4.3.4.1 Partitioning as integer programming. In the following discus-
sion we assume that the probability of occupancy of every state in the original
FSM has been computed. This task can be performed by simulating the behav-
ioral description of the FSM or by an analysis based on a Markov chain model,
as seen in Chapter 2.

The problem of finding an optimal partition I[I(.S) can be formalized as an
Integer Programming (IP) problem [nehm88]:
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Given:

ai, the probability to be in state 4, i = 1,2, ...,|95]

b;;, the probability to transition from state i to j, ¢,5 = 1,2, ..., ||

Tnaz, the maximum number of blocks in the state partition.

A set of binary decision variables {z;,, 1 = 1,2,...,|S|; p= 1,2, ..., tmaz } such
that ;, = 1 if state ¢ in partition block p and 0 otherwise.

Minimize:
Nomax
> K, x Prob(F,) (4.6)
p=1
Such that:
Y zp=1, i=1,2,..,[S] (4.7)
p=1

i.e., every state has to be assigned to exactly 1 partition.

The formulation of the cost function requires further discussion. The cost of
the interacting FSM implementation can be expressed as the summation over all
sub-FSMs of the cost of each sub-machine (K,) weighted by its probability to be
active (P(F})). The cost of a sub-machine is expressed by a linear combination
of the number of states of the machine and the number of possible transitions
from and to the sub-machine (meaning extra I/0). This is can be expressed by
the following equation:

K, = (1 T Z a:i,,> ta | DD bilzip i+ Y DD [bij]TipTip,

m#Ep i J p2FEp i J
(4.8)

The first part of the formula is simply the number of states in partition
block p. The second part of the formula accounts for the transitions connecting
states in p with states in other partition blocks. The term [b;;]x;p, z;p is 1 if the
transition probability from state ¢ to state j is b;; > 0, with 4 in partition block
p1 and 7 in p. It is zero otherwise. By summing over all edges (a sum over ¢ and
j) and all partition blocks p; different from the one under consideration, we
obtain the total number of transitions into p. Similarly, the term [b;;Zip@;p,
holds value 1 only for transitions with non-null probability from a state in
partition block p to a state in another partition block.
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Figure 4.8.  STG of the example FSM

The rationale behind the cost function is that we look for a decomposed
implementation with minimum interface cost. The first part of the formula
penalizes implementation with excessively coarse granularity, while the second
part penalizes implementations where the interface overhead is high. The co-
cfficient « expresses the relative weight that should be given to minimizing
the additional gates and wires needed to implement the interface between sub-
FSMs (i.e., the go signals and the logic generating them) with respect to the
number of states of each sub-FSM (i.e., the granularity of the decomposition).

The probability that a particular machine F}, is powered, Prob(F}) is equal to
the total state occupancy probability for states in £, plus the total probability
of transition to F,. From other partition blocks. In symbols:

Prob(Fy) = Z Uilip + Z Z Z bijTip, Tjp- (4.9)
[ m#EP i J

Notice that it is important to consider the probability of the incoming edges
for each partition because they mark transitions of controls. During transitions
of controls two sub-machines are powered on at the same time. Therefore, the
summation of Prob(F,) over all sub-machines F}, is larger than one, accounting
for the cycles when two sub-machines are enabled. The formalism used for the

IP formulation will be clarified through an example.

Example 4.8 Consider the FSM specified by the STG in Figure 4.6 (a), re-
produced in Figure 4.8. We assume equiprobable and independent inputs for
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the sake of simplicity. From the input probability distribution and the STG,
the state probabilities are computed: [1/4,1/4,1/4,1/4]T. The transition prob-
abilities are computed from state probabilities and input probabilities. They are
collected in the transition probability matriz:

0 5 0 0
3 1
i 0 76 O
0 0 0 %
1 3
% 0 3% O

We assume a 2-way partition of the states, where stO and stl are assigned
to block 0 and st2 and st3 to block 1 . The partition is expressed by the matriz

Of Tip-

10
10
01
01

Notice that this matriz is constrained by the fact that cvery row sums up
to 1, since every state is assigned to ezactly one partition. We calculate the
cost for partition block Py. The first term is 1 + >, x;p = 3, which counts
the 2 states of block P, st0, stl and the reset state the sub-machine goes
into when it is powered down. The second term in the cost function consists
of two contributions: i) incoming edges, ii) outgoing edges. There is only one
incoming edge, namely for i = 3,5 = 0,p1 = 1, and one outgoing edge, for
i=1,7=2,po = 1. The cost for P, is therefore 3+ a(1+1).

The probability to be in P is 1/2. We know from the cost calculation that
there is 1 possible transition into this partition, for i = 3,j = 0,p1 = 1. The
probability of this transition is bzg = 11—6. Note that the probability of transition-
ing out of the partition equals the probability of transitioning into it. We only
have to count one of both. Hence, the total probability is for P, to be powered
is .

The total cost function for this example is given by the scalar product of the
matriz of costs for each partition and the matriz of the probabilities for each
partition to be powered. Considering the symmetry of the ezample and choosing
a=1, weget5%+5%= %.

Several techniques have been proposed solve the IP problem exactly and
heuristically [nehm88]. The exact solution of IP requires algorithms with above-
polynomial worst-case complexity since IP is N P-complete [nehm88]).
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4.3.5 Partitioning algorithm

Exact minimization of the cost function is computationally intractable. We
describe a heuristic, computationally tractable solution based on a genetic al-
gorithm [gold89] (GA) which still leverages the IP formulation of the problem.
Some properties of the problem made it well suited for this approach. First, the
the solution space is easily representable as a set of bit-strings: a chromosome
is encoded as a set of |S] blocks of [loganmas| bits. Each block is associated
with a state and represents the number identifying the partition block to which
the state belongs. The length of the chromosome in bytes is |\S|- [loganmaz | /8-
This is a very compact encoding and if 7., is chosen as a power of two, every
chromosome represents a valid solution.

Second, and more importantly, the cost function can be efficiently evaluated,
and its computation is O(|E|) where |E| is the number of edges in the STG of
the original machine. The compact encoding (with no invalid solutions) and
the inexpensive computation of the cost function allow us to take very large
populations (in the order of 10¢ individuals).

To efficiently evaluate the cost function, the state probability vector and the
transition probability matrix of the monolithic FSM are stored once and for all
at the beginning of each GA run. Other input parameters are the relative cost
of the I/O overhead (parameter o in Equation 4.8) and the maximum number
of partitions to consider n,,4,. The simplified pseudo-code for the evaluation
of the cost function in the genetic algorithm is shown in Figure 4.9.

There are three loops in the algorithm. The first iterates over all the states
to compute the first part of the cost function (3, z;p) and the cumulative
probability of the states in each partition. The second loop computes the
second part of the cost function (i.e., the cost of the interface signals) and the
probability of the transitions of control. Finally, the third loop iterates on the
partitions and computes the final value of the cost function (i.e., the weighted
sum of Equation 4.8). The worst case complexity is O(]E|) because, for non-
sparse STGs, the number of edges is of the order of |S|?. The second loop
usually dominates the execution time.

It is important to notice that the optimization strategy not only tries to find
an optimal partition, but also automatically searches for an optimal number of
blocks in the partition. In particular, if the circuit is not decomposable in a
favorable way, the GA run will produce a degenerate partition consisting of a
single block containing all states of the original FSM. The only constraint on
the partition is the maximum number of allowed blocks, 7,0z .

Concluding this subsection, we point out that the optimization strategy is
based on a cost function which is not directly proportional to the actual power
dissipation. However, the experimental results confirm that the cost measure is
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foreach (state i) {
Cost[partition(i)] ++;
probability[partition(i)] += StateProbability(i);
}
foreach (edge i — j) {
if (partition(i) # partition(j)) {
probability[partition(i)] += TransitionProb(i—j)
Cost[partition(i)] += «
Cost[partition(j)] += a
}
}

TotalCost = 0;
foreach (partition p) {
Cost[p] ++;
TotalCost += Cost[p] * probability{p]

}

Figure 4.9.  Algorithm for the computation of the cost function

very informative in the relative sense (i.e.,, it can be used to compare the power
dissipation of two alternative decomposed implementations). If one partition
has much better locality and lower interface cost than another one, the power
dissipation of the first will be usually much smaller than the second one. This
is because the gated-clock implementation guarantces that only a small part of
the system is active at any given cycle, therefore a system with few transitions
of control and few go signals dissipates less power than a system with poor
locality and high interface overhead.

Notice also that the technique can be biased by increasing the relative cost
of the interface overhead in the cost function. Changing the value of coefficient
« the user can control the likelihood of the generation of a decomposed imple-
mentation. Moreover, by controlling 7,4, the user can set a lower limit on the
granularity of the partition.

4.3.5.1 Refined model for partitioning. Until now we have assumed
that every transition between states of two different partition blocks corre-
sponds to an additional interface signal in the interacting FSM implementa-
tion. This is a safe but conservative assumption. In many cases the number of
interface go signals can be highly reduced.

The reduction in the number of go signals is based on the following observa-
tion. When the control is transferred from one sub-FSM to another, the only
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Figure 4.10.  Decomposition of the monolithic FSM

information that the newly activated machine needs is the destination state to
which it has to transition. Assume that there are two incoming edges from
states in block P; to states in block P; of the state partition. If the two edges
are directed to the same state in P;, there is no nced to have two different go
signals, because sub-machine F; should transition to the same state when it is
activated by submachine F;. The output values during the transfer of control
are not a problem, because they are set by F;, which can distinguish between
the two transitions, since they are originating from two different states.

Even if the two edges go to different states in P;, we might be able to use
the input signals that caused the transitions to discern between the destination
states. If the input value labeling the transitions are different, we can use them
in sub-machine F} to direct the transition from its reset state towards the right
destination. The only case when we need to implement more than one go signal
between two sub-FSMs is if there are transitions to multiple states in F; which
are not distinguishable by their input fields.

Example 4.9 Consider the STGs of three monolithic machines shown in Fig-
ure 4.10. In each FSM, states s1 and s2 belong to the same partition block,
states s3 and s4 belong to another. The edges drawn with thick dashed lines rep-
resent transitions of control in the decomposed implementation from the first to
the second sub-machine, while the edges drawn with thin dashed lines are tran-
sitions of control from the second to the first sub-machine. We focus on the
transitions of control from the first to the second sub-machine. Figure 4.10 (a)
shows a case where two edges between partition blocks do not require two “go”
signals in the interacting FSM implementation, because they are both directed
towards the same state. Figure 4.10 (b) shows another case that requires only
one “go” signal, since the input field in the two edges allows to distinguish the
destination state. The situation shown in Figure 4.10 (c) requires two “go”
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if( list of edges from partition(i) to partition(j) == NULL ||
( list of edges from partition(i) to partition(j)

contains an edge going to another state &&
being triggered by the same input &&
doesn’t contain an edge to this state
for which a signal was added)) {

Cost[partition(i)] += a

Cost[partition(j)] += a

}

add (i,j) to list of edges from partition(i) to partition(j);

Figure 4.11.  Improved computation of the cost function

signals. The input on the edges cannot be used to distinguish the destination
state when, in the decomposed implementation, the sub-machine containing s3
and s4 ts activated by the sub-machine containing sl and s2.

Reducing the number of interface signals gives us much more freedom in the
choice of the partition. Moreover, many controllers have STG that cannot be
partitioned without cutting numerous edges. For these controllers the basic
technique proposed in the previous subsection would not find any acceptable
partition but the trivial one i.e., the unpartitioned state set), while the improved
partitioning technique leads to effective decompositions.

Since the improved decomposition technique can greatly reduce the number
of go signals required in the interface of the sub-FSMs, the cost function used
during the GA to evaluate the quality of a partition is modified accordingly.
In the cost function, the number of outgoing and incoming edges is replaced
by the actual number of output and input signals to be added to the machine.
This is calculated using the pseudo-code of Figure 4.11, which replaces lines 8
and 9 in the original algorithm (Figure 4.9).

4.3.6 Experimental results

We implemented the algorithms presented in the previous section in a FSM
decomposition tool that consists of two programs: the partitioner and the
netlister. The partitioner reads in the STG of the monolithic FSM and finds
an optimal partition II(S). The frame for the genetic algorithm implemented
in the partitioner is provided by the Genesis package [gref90]. The netlister
reads in the partition II(S), the STG of the specification and produces the
decomposed FSM. One important task of the netlister is the reduction of the
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number of go signal, which is performed following the approach outlined in
subsection 4.3.5.1.

The input of the tool is a simple state table description (in Berkeley kiss
format or in the similar Synopsys state table format) and a file containing
the state and input signal probabilities. The output is a set of state tables, one
for each partition of the decomposition and a synthesizable Verilog description
of the clocking circuitry, containing empty modules corresponding to the sub-
machines. Thanks to this simple interface, the designer can read the Verilog
code and the state tables in the logic synthesis tool of choice and proceed to the
logic-level optimization of the full hierarchical design. The state probabilities
are computed with the methods deseribed in Chapter 2.

The time spent in decomposition strongly depends on the effort that the
user want to dedicate to the search of an optimal solution. This is controlled
by a parameter file that is specified once for all by the designer and is used to
set-up the GA run and control the parameters in the cost function. The file
contains: i) parameters for the GA run (population size, number of cost func-
tion evaluations, probability of cross-over and mutation, and other secondary
parameters); ii) the values of n,,.. and o for the control of the cost function.
In our cxperiments we wanted to explore the maximum optimization achiev-
able, therefore we specified large population sizes (from 10° to 10%) and large
numbers of cost function evaluations (from 10% to 5 % 107). The GA runs were
scheduled for overnight runs on SGI Indy machines with 64Mb of memory.

The parameters for the control of the cost function have been the subject
of careful study. With technology library used for the experiments, a =~ 1 (as
defined in Problem 4.1) gave the best results. If pre-layout estimates of the
interface cost are considered too optimistic, the value of a can be set to a con-
stant larger than one. Also, « is technology dependent and could change with
the technology library used for mapping. The maximum number of partition
blocks npae was always set np,., = 8, since initial exploratory analysis with
larger n,nq. showed that solutions with more than 8 sub-machines were never
included among the best individuals of the GA runs.

Table 4.3 shows the results on a number of benchmarks. The first three ex-
amples are controllers of data-path for small full-custom chips implemented in a
class project. The remaining FSMs are standard MCNC benchmarks [menc91],
with the exception of the last one which is a modified version of MCNC bench-
mark s298 (we reduced the number of states because the commercial tool we
used for FSM synthesis could not optimize the monolithic implementation with
the memory resources available on our machines).

The decomposed and monolithic implementation were both optimized with
Synopsys Design Compiler running on a Sun SPARCI0 workstation, using
the same optimization script targeting minimum delay. The circuit power was
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Name Original Partitioned
# of # of # of std  power  crit. # of std power crit.
states  partitions cells path cells path
testl 24 4 67 804 3.81 118 679 3.01
(+76%)  (-16%) (-21%)
test2 18 3 58 930 2.83 89 642 2.98
(+53%) (-31%) (-5%)
test6 80 4 252 2115 7.09 336 1209 5.92
(+33%)  (-43%) (-17%)
bbsse 13 4 112 1146 4.21 145 847 3.60
(+29%)  (-26%) (-14%)
dk512 14 2 61 1138 3.29 88 853 2.79
(+44%)  (=25%) (-15%)
keyb 18 3 157 1688 4.15 262 1387 4.69
(+67%)  (-18%) (+13%)
planet 48 4 360 4967 6.76 503 3241 5.85
(+40%)  (-35%) (-13%)
51488 48 4 433 2743 6.68 642 1717 5.82
(+48%)  (-37%) (-13%)
s820 25 3 191 1717 5.01 238 1171 3.83
(+25%)  (-32%) (-24%)
5832 25 3 211 1889 4.61 274 1244 3.72
(+30%)  (-34%) (-19%)
sand 32 4 429 3395 7.86 471 2554 6.78
(+10%)  (-25%) (-14%)
scf 112 8 672 3719 7.07 988 2280 5.36
(+47%)  (-39%)  (-24%)
test13 166 8 681 7006 7.38 1610 4124 7.57
(+137%) (-41%) (+3%)
Table 4.3. Power, area and speed of the decomposed implementation versus the mono-
lithic one
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estimated by PPP[bogl96], an accurate full-delay gate-level power estimator.
The critical path timing was estimated after technology optimization by the
static timing analysis tool within Design Compiler. The technology library is
a subset of the Berkeley Low-Power CMOS library [burd94]. Interestingly, for
all larger examples in the table, the run time of the synthesis tool was much
decreased for the decomposed implementation.

The differences in area, power and speed between the partitioned machine
and the original unpartitioned design is given in Table 4.3 between parentheses
in the last three columns. The average power reduction is 31%. There is also
an increase in speed of 12%. The number of standard cells increases on average
by 48%. The results listed are only for machines that actually are successfully
partitioned. Some designs do not have an effective partitioning, and they are
left monolithic by the tool. For cxample, in the MCNC benchmark suite, the
FSMs bbara, bbtas, dk16 and donfile are not dccomposed. Notice that,
with the values of Pp,, and a we chose, the tool never produced partitioned
machines with power consumption larger than the original one. This indicates
that: i) the technique is conservative; ii) more aggressive settings (for example,
a < 1) could lead to the decomposition of more machines, but the uncertainty
on the quality of the results would increase.

Notice also that the increase in area is marked on all the examples. The
main reason for this phenomenon is the overhead due to additional flip-flops.
We specified minimum-length state encoding in all our experiments. This en-
coding style implics that the number of flip-flops in the monolithic machine
increases only logarithmically with the number of states. When the machine is
decomposed, the number of states in each sub-machine is decreased by a fac-
tor of two if the partition is balanced. In this case each sub-machine has just
onc flip-flop less than the original machine and the total number of flip-flops is
almost doubled. If the partition is unbalanced, the number of flip-flop is gener-
ally increased by the flip-flops required in the smaller machine. Obviously the
sequential overhead is larger for N-way partitions, with N > 2. We could have
performed our tests specifying one-hot encoding. In this case, the sequential
overhead would have been null. However, we feel that the comparison with
minimum-length encoding is fairer towards the monolithic implementation.

It can be observed that the increase in area may translate after layout in
increase in power and delay. However the decomposed implementations are
more modular, because they consist of small and loosely connected blocks.
This characteristic may actually improve the quality of the layout. Moreover,
the power savings are quite large and unlikely be completely swamped during
layout.
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4.3.7 Summary

We have described an algorithm for finite-state machine decomposition for low
power consumption. We leverage clock-gating techniques tc produce an inter-
acting FSM implementation in which only one or two sub-machines are clocked
at any clock cycle, while the others are inactive and dissipate small power. The
decomposition procedure integrates easily in synthesis-based design methodolo-
gies and can be seen as a pre-processing step on the state table specification of
the original FSM. Standard synthesis tools (or the techniques illustrated in pre-
vious chapters) can then be used for optimizing the sub-FSMs and additional
power reductions can be obtained.

The partitioning algorithm takes into account the overhead imposed by the
interface signals required for the interaction of the sub-machines and automati-
cally chooses not only how to partition the state set of the original specification,
but also how many partition blocks will be generated. The algorithm is based
on conservative assumptions and avoids the generation of decomposed FSMs
if the expected power savings are not high. An important byproduct of the
technique is the increase in speed of the interacting FSM.

4.4 CONCLUSION

In this chapter we have presented two basic CAD techniques for implementing
power management at the logic level. We took a top-down approach, starting
from an abstract FSM-based specification of the behavior of a sequential circuit.
The first technique reduces power by exploiting internal idleness, and it can
be seen as a “power recovery” strategy. Part of the power wasted by input
transitions that do not propagate to the outputs can be saved by gating the
clock.

The second technique, is more aggressive and aims at reducing power dissi-
pation even for system that are never internally, nor externally idle. We apply
a decomposition strategy where a monolithic specification is sub-divided into
components that operate in a mutually exclusive fashion. Mutual exclusiveness
implies idleness of all but one component during normal operation. Hence, all
idle components can be shut down by gating their clocks.

Both techniques do require careful consideration of the trade-off involved in
instantiating power-management circuitry. Area increases (sometimes signifi-
cantly) and speed may decrcase. Such undesired side effects must be taken into
account when deciding on the applicability of the power minimization tech-
niques.

The main limitation of both approaches is that they target circuits specified
as finite-state machines. Such specification style is practical only for control-
dominated circuits of moderate size. In the next chapter we shall focus on
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techniques that, although based on the same principles, have a much wider

applicability, because they cither extract idleness from circuits described in a
structural fashion or apply to specifications at a higher level of abstraction.
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Otio tibi commendo, in quo maiora agas et pulchriora quam quae reliquisti.

I recommend you to be idle so that you can dedicate yourself to more noble and
better occupations than the ones you left.
—Seneca

123

133



124 DYNAMIC POWER MANAGEMENT

5.1 INTRODUCTION

Although the computer-aided design techniques presented in the previous chap-
ter successfully exploit idleness to reduce power, they have limited applicability.
Designers are intcrested in minimizing power consumption on entire chips, not
only on controllers or interface circuitry. Thus more powerful techniques are
needed for optimizing parts of a design which are not specified as finite-state
machines. To increase the size of the circuits that can be automatically opti-
mized by power management, we can resort to two alternative approaches. We
can formulate techniques which operate at a higher level of abstraction (i.e.,
register-transfer or behavioral level). Some accuracy in idleness detection is
lost, but efficiency is much improved. Alternatively, we can work at a level of
abstraction even lower than that of FSM specifications. In this case, detection
accuracy is high, but specialized algorithms are required to cope with the com-
putational burden. We first outline the salient features of specification styles at
diffrent abstraction levels, then we briefly discuss advantages and limitations
of the two alternative approaches.

Hardware description languages (HDLs) arc almost universally used to spec-
ify digital designs in an abstract fashion. HDLs are very expressive and they
can describe functionality at many different levels of abstraction. The most
common levels are: behavioral level, register-transfer level, logic level. At the
behavioral level, the functionality of the design is completely expressed, but
the actual scheduling in time of the basic operations required to implement
the functionality is not specified. The operations themselves are abstracted by
their functionality and the choice of the number or type of hardware resources
needed to implement them (i.e., the resource binding) is left to the synthesis
tool. Power management techniques that operate at the behavioral of abstrac-
tion are potentially very effective, because they can exploit the wide degrees of
freedom in the specification.

At the register-transfer level (RTL), the scheduling of operations is speci-
fied by the designer. A RTL specification matches the behavior of the final
implementation at clock cycle boundaries. Nevetheless, the designer specifies
only when an operation is carried out, while he/she has still the freedom to
let a synthesis tool decide how (i.c., by which functional unit) the operation is
executed. Clearly, the degrees of freedom available to a RTL synthesis tool are
much smaller than those available at the behavioral level. At the RT level the
designer has much tighter control on the final architecture (and cost) of the
hardware implementation. Data-path circuitry is often described at the RT
level because this specification style is detailed enough to accurately model the
computation and the flow of data words in a synthetic fashion. Thanks to its
generality and its conceptual closeness to actual hardware implementation, the
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RTL specification style is probably the most commonly used in large-scale de-
signs. At a lower level of abstraction we have logic-level description, where data
and control flow are both represented by the same structure: a logic network.
The distinction between control and data-path is lost, and transformations are
applied with very fine granularity. In this chapter we shall explore two classes
of techniques. The first class detects and exploits power rnanagement oppor-
tunities on RT or behavioral level descriptions. The second class, in contrast,
targets low-level specifications, namely, logic-level netlists.

The main advantage of the first class of methods is that they require a rel-
atively low computational effort for detecting idleness, and operate at a coarse
granularity, where power saving are substantial. On the other hand, idleness
detection is not very accurate, and good opportunities may be missed. More-
over, although in principle high-level descriptions are very general, in practice
there are severe restrictions on the classes of designs that can be synthesized
from abstract descriptions. Depending on the synthesis tools employed in the
design flow, different and incompatible flavors of high-level specifications are
used. Hence, high level techniques are intrinsically limited in scope by the lack
of standardization of high-level description styles.

Logic level techniques, on the contrary, have very high idleness detection ac-
curacy, because they analyze the design with fine granularity. Moreover, they
have extremely wide applicability. Although several different logic-level speci-
fication formats are available, the translation from one format to another is a
relatively straightforward task, because all of them have the same descriptive
power. On the other hand, the lack of high-level information poses serious
challenges to the algorithmic engines of gate-level power management tools.
Idleness detection, which is computationally efficient at high level of abstrac-
tion, is a very demanding task that requires highly cfficient and robust Boolean
manipulation data structures and algorithms. Another limitation of logic-level
techniques is their limited restructuring power. In other words, it is very hard
to transform a logic network with little apparent idleness into an equivalent
onc where idleness is exposed. This is much easier for techniques operating at
higher level of abstraction.

In summary, RTL and behavioral techniques arc computationally efficient
and potentially very powerful, but they lack accuracy and have limited appli-
cability. Logic-level techniques are computationally demanding, but they are
very accurate and have wide applicability. Notice that the approaches are not
mutually exclusive. High-level techniques can be applied in a top-down fash-
ion during design refinements. Logic-level techniques operate in a bottom-up
fashion to incrementally improve the power dissipation of a netlist by inserting
power management circuitry.
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In this chapter we review several recently-proposed advanced power manage-
ment techniques that are applicable to functional units, i.e., designs (or design
components) larger than those targeted by the basic techniques presented in
the previous chapter. We first analyze the important issue of clock distri-
butions for power-managed systems based on gated clocks and we study two
optimization techniques for minimizing the power wasted on clock lines. Then
we describe two logic-level techniques, namely an extensions of the internal
idleness exploitation approach of the previous chapter, and a power manage-
ment technique known as precomputation that exploits external idleness. We
consider next RTL techniques that reduce the computational burden of idle-
ness detection by exploiting information available at the register-transfer level.
Finally, we analyze a few behavioral level techniques, that leverage the numer-
ous degrees of freedom available in behavioral specifications to better exploit
idleness.

5.2 CLOCK DISTRIBUTION DESIGN

In Chapter 3 we reviewed several alternative methods for shutting down idle
units. Among these methods, clock gating is probably the one achieving the
best trade-off between effectiveness and applicability. Clocking large designs is
a challenge even when the clock is unconditionally distributed. Gated clocks
further complicate the distribution problem, because of increased clock skew,
but they also provide some opportunity for reducing the power dissipation on
the clock network itself, not only on the logic which is disabled by clock gating,.

An approach to power optimization of clock distribution networks based on
clock gating has been presented by Tellez and co-authors [telle95]. In this work,
the authors move from the assumption that a power management methodology
based on clock gating is implemented. Morcover, the authors assume that
the system is operated in a periodic fashion, where the period is an integral
number of clock cycles Neycres. All state-holding elements in the design (single
flip-flops at the logic level, n-byte-wide registers and the RT or behavioral level)
are associated with activity patterns. The activity pattern of register is a vector
of Boolean variables, one for cach clock cycle in the period of the circuit. In
symbols, the activity pattern for register ¢ is: Aj = [as1,@i2s -, Qi N.yere, ] -

Variable a;; = 0 if the clock signal of register 7 is gated during clock cy-
cle j, a;; = 1 otherwise. Hence, each register is characterized by a unique
activity pattern A;. In [telle95] the authors consider the problem of synthe-
sizing a power-optimal clock distribution structure by optimally distributing
clock-gating blocks. The authors assume that the clock signal is distributed
by a clock tree. More specifically, a H-tree [cong97] topology is assumed, as
represented schematically in Figure 5.1 (a). The leaves of the tree are the clock
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Figure 5.1. (a) A clock distribution network (b) Clock sub-tree and activity patterns

wires which are directly connected to the registers. Thus, an activity pattern is
associated with each leaf. Moreover, we can associate an activity pattern with
each internal wire of the clock distribution network. The activity pattern of an
internal wire is simply bit-wise OR. of the activity patterns of all leaves that
can be reached from it.

Example 5.1 Consider internal wire B3 in Figure 5.1 (a). The computation
of its activity pattern can be carried out in a recursive fashion as shown in
Figure 5.1 (b). The activity patterns of the registers are shown at the bottom
of Figure 5.1 (b). First, the activity pattern from the internal wires Bl and
B2 are computed by OR-ing the patterns of the registers connected to them.
Finally, the activity pattern of B3 is computed by OR-ing the activity patterns
of Bl and B2. The disjunction is performed in a bit-wise fashion.

Notice that in this instance, the periodicity of operation for the circuit whose
clock distribution is represented here is Ngycies = 5. In other words, the activity
patterns repeat every 5 clock cycles. For example, for register R1 the activity
pattern is A; =[1,0,0,1,0]. This means that a new value is loaded in R1 only
in the first and fourth clock cycle of the period. In the other cycles, the clock
signal can be gated.

In [telle95], the activity-driven clock tree construction problem is formulated
and solved. In simple terms, the problem consists of constructing the topology
of the clock tree that minimizes the switching activity in the distribution net-
work. It is assumed that activity on a clock subtree can be eliminated for the
cycles where the activity pattern of the subtree’s root is 0. To effectively solve
the problems, registers with similar activity patterns should receive the clock
signal by wires belonging to the same sub-tree. A recursive weighted matching
algorithm is proposed in [telle95] for the heuristic solution of the activity-driven
clock tree construction problem.

137



128 DYNAMIC POWER MANAGEMENT

Given the optimal tree topology, power can be reduced only by inserting
clock-gating logic the internal branches of the clock tree. The straightforward
approach of inserting a clock-gating block on each internal branch (and on each
leaf) of the tree may be sub-optimal, because the clock-gating blocks dissipate
additional power, that may swamp the power saved by gating the clock. Hence,
a second optimization problem is formulated in [telle95], namely the activity-
driven minimum power gate insertion problem. Here the objective is to select
the optimal subset of internal branches (and leaves) where the clock-gating
blocks should be placed in order to minimize the total power dissipation of
the clock tree. The problem is solved with a dynamic programming algorithm
that moves in a bottom-up fashion from the leaves of the tree and explores the
impact of alternative choices. An alternative algorithm is proposed that takes
clock skew into account. The idea is to insert the same number of clock-gating
blocks or clock buffers on all root-to-leave paths.

Example 5.2 Consider again the subtree of Figure 5.1 (b). A better topology
swaps R4 with R2. In the resulting tree, internal branch B1 has activity pattern
[1,0,0,1,0] which is less active than [1,0,1,1,0]. At the same time, internal
branch B2 has activity pattern [0,1,1,1,0] which has the same activity (i.e.,
number of ones) as the one shown in Figure 5.1 (b). Internal activity of the
new tree is reduced because of the reduction in internal branch B1.

Notice that the reduction of internal activity becomes actual switching activity
reduction only if a clock-gating block is inserted on a clock tree branch. The
clock-gating logic consumes power, thus there is a tradeoff between its power
consumption and the power saved by preventing uscless transitions of the clock
wires. For instance, it may be more convenient to insert a clock-gating block
on internal branch Bl of the optimized clock topology because its eliminates
useless clock transitions in three clock cycles (over 5), while it may not be as
convenient to insert clock-gating on branch B2, because the activity pattern has
only two zeros (i.e., the clock can be stopped only in three of the five clock cycles
of the period).

The main limitation of the approach to clock power management presented
by Tellez et al. is the lack of consideration of floor-planning issues. The op-
timization algorithm does not take the location of the registers into account.
If two registers have similar activation patterns, the clock-tree construction
algorithm will assign them to the same clock sub-tree. Unfortunately, if the
two registers are placed far from each other on the chip, very long wires will
be needed to build the subtree, resulting in larger clock skew, higher clock
loads and larger area. Moreover, in many practical applications, usage is not
periodic, and it is not possible to define activity patterns in a crisp fashion.
Nevertheless, the approach preseuted by Tellez et al. is the first attempt to
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solve the important clock distribution issues that arise from the application of
clock-gating techniques on large-scale designs.

Another clock power optimization algorithm that is related to clock-gating
techniques has been presented by Chung and co-authors [chun95]. The authors
assume a tree distribution network, where buffers can be placed on internal
branches. The key observation that motivates the work is that there is no need
to assert the clock signal on all internal branches with the same frequency used
to clock the sequential primitives connected at the leaves of the tree. Clock
can be distributed with a reduced frequency by inserting frequency dividers
instead of simple clock repeaters/buffers in the inner branches of the clock
tree. Frequency multipliers must then be inserted on the leaves of the tree to
re-establish the correct clock frequency.

In [chun95] the author solve an optimization problem that entails: i) the
choice of the optimal insertion points for frequency dividers and multipliers, ii)
wire width optimization for the tree branches, iii) sizing of clock buffers, dividers
and multipliers. The objective is to reduce power under skew constraints.
Although the optimization algorithm is heuristic, the results are promising.
Almost 50% power reductions are obtained by reducing the internal frequency
in the clock distribution network. It is however important to mention that
more traditional clock optimization techniques for low power (see [cong97) for
an excellent review) that do not involve frequency division and multiplication
do obtain similar power savings. Thus, it is not clear how much of the power
reduction is due to the frequency reduction with respect to the effect of wire
and buffer sizing.

Interestingly enough the approaches by Chung and Tellez can be merged, and
both can leverage the general power clock optimization techniques presented
in {cong97]. It is apparent that clock gating and clock frequency control can be
very effective techniques not only for power reduction in functional logic but
also to save power on the clock distribution network, which is probably them
single largest contributor to the overall on-chip power budget. Moreover, the
skew control techniques presented by both authors demonstrate that clock skew
can be kept under control even when a significant amount of logic circuitry is
inserted on the clock lines. Hence, power management based on clock gating
appears to be viable even for large designs.

5.3 LOGIC-LEVEL TECHNIQUES

Logic-level techniques follow a bottom-up paradigm. The initial data consists
of a synchronous network (i.e., combinational gates and flip-flops) and input
probability distributions of typical input patterns. The output of the optimiza-
tion tool is a modified network where power management circuitry has been
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Figure 5.2.  Synchronous network architecture

inserted. We assume that clock gating is used. The techniques presented in
this section are applicable with minor changes to power management schemes
based on enabled flip-flops.

We describe two logic-level techniques. The first is based on the exploitation
of internal idleness, while the second leverages external idleness. The first tech-
nique is the adaptation of the clock-gating approach developed in Chapter 4 to
sequential systems described in a structural fashion, while the second is known
as precomputation and it is has been proposed by Alidina and coworkers [alid94].
Both approaches target flat synchronous networks with the structure shown in
Figure 5.2. All input signals are latched (i.e., they are stored in flip-flops before
being fed to the combinational logic). Some of the output signals may be fed
back to the inputs of the combinational logic after being stored in flip-flops.
No hierarchy information is available.

The signals which are fed-back to the inputs are called state variables. The
architecture of Figure 5.2 is fully general. Any FSM specification can be imple-
mented in this style. If there are no state variables (feedback-free architecture),
the architecture degenerates into a typical pipeline stage. Notice that even
the feedback-free network is sequential because the value of the outputs at any
given clock cycle n depends on the value of the inputs in cycle n — 1.

5.3.1 Exploiting internal idleness

We consider first the approach based on internal idleness, which is based on the
concept of self-loops as idle conditions developed in Chapter 4. To extend such
an idea to designs described in a structural fashion, the most straightforward
approach is to extract the abstract behavior of the circuit from the synchronous
network and re-synthesize the circuit using the tool presented in Chapter 4. The
extraction procedure can be automated. Its input is the synchronous network
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Figure 5.3. Fragment of a Mealy FSM. S5 is Mealy-State while S5 is a Moore-State.

and the output is a state transition graph (STG) which fully describes the FSM
implemented by the synchronous network.

Unfortunately, it is often computationally infeasible to extract the STG rep-
resentation for large sequential circuits. As a consequence, the transformation
from Mealy-states to Moore-states and the activation function synthesis pro-
cedure presented in the previous chapter is not practically applicable and we
must restrict ourselves to the Moore-states of the Mealy FSMs. In other words,
while in the previous chapter we could increase the number of idle conditions
by transforming the STG of the FSM, we will for now assume that only the
self-loops leaving Moore-states of the original FSM can be selected as clock-
gating conditions. An extension to deal with arbitrary internal idle conditions
will be introduced later.

Given an FSM implemented by a synchronous network, we want to find
the self-loops of Moore-states. Such self-loops are uniquely identified by the
present-state and input values and represent the set of idle conditions that
may be exploited to stop the clock. For example, for the FSM fragment in
Figure 5.3, the only useful idle condition is the self-loop on S3 (identified by
input value 00 and state value S3).

The complete activation function f,(z,s) (i.e., the set of input-state condi-
tions for which the clock of the unit can be stopped because of internal idleness)
is defined by the union of all self-loop conditions for Moore-states (z and s are
respectively the input and state variables). The set of all self-loops in the FSM
includes f,, because it contains also the self-loops of Mealy-states.

The identification of the Moore-states can be performed implicitly (i.e., with-
out extracting the STG) by a procedure that requires a single unrolling of the
sequential circuit, i.e., duplicating the combinational logic to represent two
consecutive time frames, as shown in Figure 5.4. There are two cascaded logic
blocks: the inputs of the first combinational block are z and s, representing
respectively primary and state inputs. The outputs are z and ¢t. The next state
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Figure 5.4.  Unrolling of a FSM.

outputs £ of the first block are fed into the state inputs of the second block.
The primary input values in the second block are represented by z 1, while the
output of the second block are 2™ and the next state outputs.

With this model, finding the Moore-states is quite simple. Remember
that a generic sequential circuit is fully described by its output function
Az, s) = [M(z,8),A2(2,9), ..., Am (%, 8)]T and its next-state function §(z,s) =
[61(z, 8),02(x, 8), ..., 0k (x, 8)]T, where m and k are the number of outputs and
state variabes, respectively. For a Moore state ¢, the following property holds:
if in the second combinational logic block the state transition is a self-loop
(i.e., 6(zt,t) =t), for each state transition s — ¢ in the first block, the output
z = Az, s) and 2zt = A(z",t) are the same. Intuitively, this property expresses
the requirement that every incoming edge for state ¢ has the same output value,
but we are interested only in states with self-loops, because otherwise no idle
conditions are available. Finding all states for which the condition holds is
equivalent to finding all Moore-states with self-loops, but no STG extraction is
required. This procedure lends itsclf to an elegant symbolic formulation.

The expression giving the activation function f, (i.e., the set of all idle
conditions) in symbolic form is the following:

fulat,t) = H (6:(a* ) = 1) - (5.1)
m k
Vs (H (Ailz,s) = Xi(zT, 1) + (H(&‘(i’?’s) = ti))')

We analyze cach term of the seemingly complex Equation 5.1 in greater detail.

m The term []*,(d;(z*,¢) = t;) imposes the condition that, in the second
frame of the unrolled circuit, the machine has a sclf-loop. This is expressed
by having each present-state variable t; identical to the next state function
8:(xzt,1).
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m The term [[;~, (\i(z,s) = A\i(z,t)) describes the constraint on the output
values. Since we are detecting Moore-states, we require that the output
values of the incoming edge and the self-loop are the same. Notice that
the unrolling implies the use of different variables for the two frames of the
unrolled circuit.

m The term ([T, (d:(z,s) = t;))’ is OR-ed with the second term to express
the fact that the equality of the outputs in two frames does not need to be
enforced for transitions not in the next state functions of the FSM.

The universal quantification on the inputs z and the state variables s enforces
the condition for all states and input values. Is is important to notice that in
Equation 5.1 all states are considered as reachable, even if this is not generally
true. Fortunately, this assumption does not lead to incorrect implementation.

To justify this claim, consider the following situation. Assume that state
so is unreachable, and for input iy, f,(s0,%0) = 1. In other words, the clock
would be stopped when the state is sp and the input is 7. However, since sg is
unreachable, the state lines will never hold that state value, therefore the point
S0, To in the controllability don’t care set of f,.

The activation function f, produced by Equation 5.1 is expressed in terms
of the auxiliary variables (zt,t) for convenience, and can be easily re-expressed
as a function of the inputs x and present states s by variable renaming.

Example 5.3 Consider the FSM of Figure 5.5 (a). The next state function
d(zT,t) and output function A(z™t,t) of the FSM are shown in Figure 5.5 (b)
and (c), respectively. For the sake of explanation, we represent Boolean func-
tions using truth tables. In practice all Boolean functions are computed and
manipulated in BDD form (as explained in Chapter 2). The functions é(x, s)
and \(z,s) can be obtained by simply rotating the truth tabdles of 5(z™,t) and
Mz ™, t) by 90 degrees (clockwise), and are not shown.

The truth table of the first term in Equation 5.1 (T[]~ (8 (SL‘+ t) = t;)) is
shown in Figure 5.5 (d). The truth table of the second term (T[-,(i(z,s) =
Xi(zt,t))) is shown in Figure 5.5 (e), while the third term (i.e., ([]ie, (6:(z, s) =

t;))') is shown in Figure 5.5 (f).

The truth table of the activation function f,(x™,t) is shown in Figure 5.5 (g).
The reader can verify the correctness of the result by observing that the f, is
one in both self-loops of the STG. This is correct, since both states of the FSM
are Moore-states.

A direct application of Equation 5.1 yields, in the general case, activation

logic whose power dissipation may partially mask off the potential power sav-
ings. Therefore, it is mandatory to develop a systematic method to reduce the
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Figure 5.5.  Example of symbolic computation of f,.

power consumption of the activation logic implementing f,, while keeping as
high as possible the probability of its ON-set.

The reader should notice that this is exactly thc same problem discussed
in the previous chapter where an exact procedure was presented for the mini-
mization of a sum-of-product implementation of f,. The two main limitations
of such procedure were i) its high computational cost, ii) the fact that we are
interested in minimizing power dissipation of f,, thus minimizing the number
of literals is only a rough approximation. Both limitations are addressed here.
the algorithm outlined in this section is efficient because it operates directly on
the BDD representation of f, and it targets explicitly the power minimization
of a multi-level implementation of the reduced activation function Fj.

First, the ADD of a pseudo-Boolean function, Py, is constructed. It implic-
itly represents the probability of the minterms in the ON-set of f,. Then, some
of the ON-set minterms of f, are removed until a given cost criterion breaks the
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procedure Reduce_Fa(f,, Py, ) {
Best
FaCes = fa; Ppest = Fra;
Fa urrent = fa5 Pourrent = Pra;
Best_Cost = Compute_Cost (F.CUTTeNnty,

while (not Stop_TeSt(FaBESt:PBest)) {

Fa(,‘urrent — Prune_Fa (FaCurrent).

(FaCu,rren.t),

i

Curr_Cost = Compute_Cost

if (Curr_Cost < Best_Cost) {
FBest _ pCurrent.

Ppest = Peurrent;
Best_Cost = Curr_Cost,

}
}

return (F5est),

Figure 5.6.  The Reduce_Fa Algorithm.

loop. The pruning procedure returns the reduced activation function F, < f,.
Clearly, both the minterm removal and the stopping condition must be guided
by a combination of the size improvement in the implementation of F, and the
probability decrease of the ON-set of Fj,.

5.3.1.1 Iterative reduction of f,. Given the complete activation func-
tion, f,, and its probability function Pj,, the reduction algorithm iteratively
prunes some of its minterms until an acceptable solution F, is found. The
pseudo-code of the procedure is shown in Figure 5.6.

The objective of procedure Reduce Fa is to determine a new activation func-
tion, F.P5t which is contained into the original f,, has a high global probability,
and is less costly (in terms of both power and area) if compared to f,. Three
main routines are called inside Reduce Fa:

m Prune Fa eliminates some of the minterms of f, producing a function whose
ON-set is strictly contained into that of the original f,.

m Compute Cost evaluates the power cost of the implementation of the current
F,. It can be designed to take into account different cost metrics such as
area and timing.

®m Stop_Test is the exit condition. It returns 1 when it estimates that further
reduction of the ON-set of F, cannot improve the circuit’s power dissipation.
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Figure 5.7.  Gated clock architecture

The algorithm in Figure 5.6 is a simple greedy procedure that decreases
the size of the activation function until the point of diminishing returns. The
quality of the optimization depends on the implementation of the three routines
Prune Fa, Compute Cost and Stop Test. The detailed description of their
implementation is beyond the scope of this section. The interested reader is
referred to [beni97a] for a complete treatment.

5.3.1.2 Global circuit optimization. The result produced by procedure
Reduce Fa is a gate-level specification of the reduced activation function, F, <
fa, which is expected to reduce power dissipation when appropriately connected
to the original sequential design and to introduce only a small overhead.

After the logic is included in the circuit as shown in Figure 5.7, some global
optimization can be performed. Notice that the activation function is function-
ally redundant. Since we employed redundancy removal procedures targeting
area minimization rather than power minimization, the optimizer may remove
the clock-gating logic in its entircty, thus producing a circuit which is very
similar to the original one. This is most likely to happen when Fj, is used
as external don’t care set for each primary and state output and redundancy
removal methods are used for the optimization. Clearly, this is something we
must avoid.

To overcome this problem it is possible to add an extra pin to the circuits, to
make function F, directly observable. With this artifact, redundancy removal
procedures can be applied to the circuit. This type of optimization has highly
beneficial effects on the gated-clock circuits: it may not only reduce the power
dissipation, but also increase the testability of the system, because it eliminates
the untestable faults in the combinational logic generated by the insertion of
the redundant clock-activation logic [fava96].

5.3.1.3 Covering additional self-loops. If a sequential circuit is an im-
plementation of a Mealy FSM with no Moore-states, or a feedback-free stage,
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Figure 5.8. Modified Gated-Clock Architecture to Take into Account Circuit Qutputs.

the activation function obtained by Equation 5.1 is the null function 0. We
describe a variation of the procedure used to find the initial f, that allows us
to exploit different kinds of idle conditions.

We target self-loops on Mealy states and, more generally the detection of
input-output conditions for which clocking the input flip-flops would only result
internal spurious transition activity with no changes on the primary output.
Such conditions can be detected if the outputs of the sequential circuit are taken
as inputs of the activation function as well as the state and primary inputs.

The gated-clock architecture can be modified as shown in Figure 5.8. If
all outputs are taken as inputs of the activation function, all self-loops can be
ezploited to stop the clock. As an example, consider again Figure 5.3: if we are
allowed to observe the output values, then a state value of Sz, an input value
00, and an output value 11 uniquely identifies the self-loop in S;. Observing
these values we can stop the clock because: i) the FSM is in a self-loop, ii) the
output is not going to change in the next clock cycle.

The expression of the activation function including output values is very
similar to Equation 5.1:

k

falz®it,2%) = J[Giet) =t) - (5.2)

i=1

m k
Vz,s (H )‘i(x+7t) = Zz+) + (H((Si(m?s) = ti)),>

i=1
Notice that the support of f, has been extended to include the output variables
zt. The term []i-,(Ai(z*,t) = 2;") expresses the condition that the observed
output value must be equal to the output that would be computed if we clocked
the machine when traversing a self-loop. If this is true, we do not need to
clock the circuit, hence, f, = 1. This term is the main difference between
Equation 5.1 and Equation 5.2: since we have increased the input support
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of f,, we now possess additional information for stopping the circuit more
frequently.

We observed in Chapter 4 that the number of outputs in a sequential circuit
is often very large, thus, the size of the activation logic may increase too much
if we include all outputs in its support. However, it is often the case that we
do not need to use all outputs as inputs of f,. For cxample, when referring to
Figure 5.3, it is sufficient to sample the second output to exploit the self-loop
on Sy, because the first output does not change on all transition reaching So.
Formula 5.2 can be modified so that only a subset of the outputs becomes part
of the support of f,. We have:

k

fulztt,2h) =[Gttt =t) -

where w is the number of circuit outputs we want to include in the support
of the activation function. Equation 5.3 can be secen as a compromise between
Equation 5.1 and Equation 5.2. The smaller w is, the closest the activation
function is to the one computed by Equation 5.1.

There is clearly a trade-off between the additional self-loops that can be
included in the activation function by adding one or more outputs to its support
and its size (and power dissipation). Moreover, the activation function must
be drastically simplified by pruning its ON-get for obtaining activation logic of
reasonable size. Refer to [beni97a] for a detailed treatment of these issues. The
logic-level techniques presented so far allow the designer to exploit the internal
idleness of the system. In the next subsection we briefly describe a technique
for exploiting external idleness.

5.3.2 Exploiting external idleness

External idleness is caused by lack of observability. Whenever a logic unit
is unobservable, its output values are not relevant for correct operation of the
entire system. Hence we can freely decide to force the unit in an operation mode
that is functionally incorrect, but has minimum power dissipation. Alidina
and co-authors [alid94] exploit this intuition to formulate a power management
technique known as precomputation. In their paper, the authors propose several
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Figure 5.9.  Precomputation architecture

architectures for external idleness exploitation. Here, we focus on the simplest
one for the sake of explanation.

The basic precomputation architecture is shown in Figure 5.9. Given a mono-
lithic synchronous network C, the purpose of the optimization technique is to
find a decomposition in two sub-networks, A and B. Network A is uncondi-
tionally clocked, while network B can be shut down by clock gating, controlled
by activation function F,. The conditions for which A can be shut down are all
values of inputs = such that the computation performed by A is unobservable
at the primary outputs o. As a practical remark on the precomputation archi-
tecture, notice that Alidina and co-authors propose a shut-down scheme based
on conditionally enabled flip-flops which is safer (but less power efficient) than
clock-gating.

The unobservability conditions for block A can be formally computed, given
the functionality of block C, described by a multi-output Boolean function
o(z,y). The symbolic equation for the computation of the complete set of
unobservability conditions f, is:

Nout

fa(@) = I (Vyoi(,y) + Vy0i(z,p)) (5.4)

i=1

where o; are the components of o and N,,; is the number of outputs for unit
C'. Equation 5.4 can be interpreted as follows. The conditions for which block
A is externally idle are all values of inputs z such that the outputs of C has
constant value 0 or constant value 1 independently from the value taken by
inputs y. The ON-set of the activation function can be computed by applying
Equation 5.4 to the BDD representation of function o.

The main algorithmic issues in the application of precomputation technology
are:
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m The choice of the variables  (or equivalently, variables ¥). A good partition
of the input variables is paramount for achieving acceptable power savings.
Ideally, the number of z variables should be kept as small as possible in
order to minimize the support of ¥, and to maximize the number of gated
flip-flops and the size of A.

m The implementation of the activation function F,. Similarly to the technique
based on internal idleness, F, is not constrained to be exactly equal to f,.
Any function F, < f, would produce a correct implementation.

In their paper [alid94], the authors address only the first problem, claiming that
the complexity of F, can be controlled simply by reducing its support size, i.e.,
by reducing the number of z variables. The second problem can be solved by
the same algorithms proposed in the previous sub-section.

The computation of the optimal support of Fy, is based on a recursive algo-
rithm based on signal probabilities. The purpose of the algorithm is to select the
subset of cardinality k of input variables for which f, has maximum probability
to be 1. Such subset becomes input set . The algorithm can be repetitively ap-
plied for different values of k to explore the tradeoff between complexity (and
power consumption) of f, and power saving in block C. The algorithm has
worst-case exponential complexity (in the number of inputs), thus the authors
propose a polynomial-complexity heuristic algorithm that is applicable to cir-
cuits with a large number of inputs. Notice again that no distinction is made
in [alid94] between the complete f, and the reduced activation function F,,
hence some degrees of freedom for the optimization of the activation function
are lost.

Interestingly, the precomputation architecture based on external idleness
and the architecture that exploit internals idleness can be merged together
in an integrated solution, as shown in Figure 5.10. The clock-gating block
is obtained by combining two activation functions. The first one F! signals
internal idleness, while the second FY signals external idleness for C. When
Fi =1 the entire unit can be shut down. When F¢ = 1 only block C is idle,
hence only the flip-flops on y can be stopped. The actual implementation of
the activation logic is obtained by merging F}! and F in a single two-outputs
network, in order to exploit sharing opportunities and decrease area and power
overhead.

5.3.3 Experimental results

We present the results we have obtained by applying the three power manage-
ment strategies (i.e., internal and external idleness-based shutdown and inte-
grated architecture) discussed in this section on a set of standard benchmarks.
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Figure 5.10.  Integrated architecture

From the results, we can draw two conclusions. First, pre-computation and the
internal idleness-based technique are both efficient for feedback-free (pipelined)
circuits, but the former fails for most of the sequential examples. Second, in-
tegrated architecture can be advantageous when the target of the optimization
are pipelined designs, but it is not very helpful for sequential circuits with
feedback.

Tables 5.1 and 5.2 report the experimental data. Pipelined circuits have
been constructed by adding input and output latches to some combinational
circuits taken from the MCNC’91 [mcnc91] suite. In particular, we have chosen
the examples for which the best power savings have been obtained in [alid94].
Synchronous designs, on the other hand, are taken from the ISCAS’89 set
[brgl89], and are the same as the ones we have used for the experiments in
[beni97a).

The selected circuits have been initially optimized using the standard SIS
script.rugged [sent92], and mapped for delay with the SIS command map
-n 1 -AFG. The optimized netlists have been used as the starting point for
the experiments. The technology library used for mapping includes buffers and
inverters with three different strengths, and NAND/NOR gates with up to four
inputs. The power estimates, mcasured in uW, have been calculated using the
IRSIM-CAP simulator [salz89].
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Circuit PI PO Orig. Int. Idle Precomp. Both
P P Sawv. P  Sav P Sav.
9sym 9 1 123 62 49% 134 -9% 67 45%
apex2 39 3 286 286 0% 114 60% 114 60%
cm138 6 & 35 13 63% 29 1% 25 28%
cm150 21 1 94 60 36% 74 21% 48 4%
cmb 16 4 66 15 7% 45 32% 14 79%
comp 32 3 144 116 19% 68 53% 75  48%
cordic 23 2 111 38 66% 81 27% 44 60%
mux 21 1 99 61 38% 70 29% 60 39%
sao2 10 4 93 58 3% 48  48% 37 60%
Table 5.1.  Results for feedback-free circuits.
Circuit PI PO FF Orig. Int. Idle Precomp Both
P P Sav P Sav. P Sav.
5208.1 10 1 8 75 49 34% 71 5% 52 31%
5298 3 6 14 &9 72 19% 120 -35% 112 —26%
s386 7 7 6 63 58 &% 70 —11% 65 -3%
s400 3 6 21 90 63 30% 77 14% 71 21%
5420.1 10 1 16 106 66 36% 97 8% 72 32%
s444 3 6 21 101 76 2% 86 15% 77 24%,
s510 19 7 6 95 81 15% 99 —-4% 85 11%
5526 3 6 21 119 114 4% 147 -23% 136 —14%
minmax4 3 5 15 85 40 52% 66 22% 34 60%
Table 5.2.  Results for sequential circuits with feedback.
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The use of internal idleness power management on the pipelined circuits has
shown to be more effective than pre-computation in six of the nine examples
we have considered; in the remaining cases, pre-computation has worked bet-
ter, with a peak performance on benchmark apex2, where external idleness
exploitation has not given any advantage. From an absolute point of view, the
integrated architecture has produced the best savings in four cases.

Concerning sequential designs, the application of pre-computation has al-
ways given worse results than those obtained with the external idleness ex-
ploitation alone; in some cases, it has even resulted in a higher power con-
sumption than the original circuit. The reason for this poor behavior lies in
that the pre-computation function never attempts to stop the propagation of
present-state inputs, which represent the majority of the inputs to the combina-
tional logic for sequential circuits with a realistic number of memory elements.
As a consequence, the results obtained with the integrated solution are not
satisfactory, except for the case of benchmark minmax4. This was somehow
expected, since minmax4 contains quite many comparators.

5.3.4 Summary

We conclude the section with a few general observations on bottom-up tech-
niques. First, experimental evidence shows good power savings on benchmark
circuits, confirming the validity of the approach. Unfortunately, extensive ex-
perimentation has shown that good power savings can be obtained only on a
small subset of the available benchmarks. Morcover, the computational burden
of the calculation of idle conditions (i.e the computation of f;) can be quite high
even for the relatively small (compared to industrial designs) circuits included
in the benchmark suite.

As a result, the scope of applicability of bottom-up techniques is currently
quite limited. For many large logic-level circuits either the computation of
fo fails because of excessive time and memory requirements, or the activation
function is empty (no idleness is detected). Industrial-strength synthesis tools
must address these limitations before bottom-up techniques become practically
viable in a commercial environment.

Widening the scope of bottom-up techniques is a matter not only of per-
fecting and engineering the current approaches, but also a challenging research
area. In particular, more research is needed to formulate robust algorithms for
the computation of f, leveraging the fact that its exact computation is not re-
quired as long as we can guarantee that a safe approximation is obtained (i.e.,
a function F, < f,). An even more promising direction of research is the study
of partitioning algorithms that, starting from a flat logic reetlist, partition the
specification into a set of sub-units. The techniques described in this section
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could then be applicd to each sub-unit. Partitioning seems to be the only viable
approach to deal with extremely large designs like the ones that are customary
in the industrial practice.

5.4 RTL TECHNIQUES

At the register-transfer level, the design description is usually partitioned in
two main blocks: controller and data-path. While the data-path performs the
actual computation as required by the functional specification, the controller
enables such computation by assigning in each cycle the correct inputs to func-
tional units, deciding where the computed outputs should be stored and mak-
ing decisions on future computations based on results of data-path operations.
Controller and data-path communicate through two types of signals. Control
signals are outputs of the controller and inputs of the data-path. Conditional
signals arc outputs of the data-path and inputs of the controller.

The data-path usually consists of two types of resources: computational
units such as adders, comparators, multipliers and steering logic, which consists
usually of multiplexers and three-state buffers. Another important component
of the data-path is the interconnection structure (busses and global signals).
State storage in the data-path is based on registers, which are banks of flip-
flops. Register width is the number of single-bit flip-flops in a register. The
state of the controller is stored in a register as well. The control signals drive
the selection inputs of the multiplexers and three-state buffers of the data-path.
The conditional signals are sampled by the controller for computing its next
state and for setting the control signals to the correct value. The structure
of a generic RTL description is shown in Figure 5.11. Hardware description
languages such as Verilog HDL or VHDL are the preferred choice for specifying
RTL descriptions, although graphical specification are quite common as well.

In this section we review a few techniques for automatic synthesis of power-
managed circuits starting from RTL specifications. The common characteristic
of all RTL techniques is that they leverage the coarser granularity of the de-
scription and the knowledge of the type of signals and resources to detect and
cxploit idleness in a computationally efficient fashion. As a result, RTL tech-
niques are applicable to designs of much larger size than those targeted by the
bottom-up approaches described in the previous section. On the other hand,
RTL techniques are not applicable if the information on types of signals and
resources is missing or incomplete.

5.4.1 Detection of hold conditions

Register-transfer level descriptions of large circuits are characterized by the
presence several registers that hold their data for a large fraction of the op-

154



POWER MANAGEMENT FOR FUNCTIONAL UNITS 145

Controller !

—
]
|

Conditional

Control

Data-path

Figure 5.11.  Structure of a generic RTL specification.

eration time. State holding functionality is often implemented by providing a
conditional feedback loop from the output of the register to its input. If the
feedback loop is active, the register is in hold mode and does need to be clocked
because it does not store any new value. Hence, power can be saved by gating
the clock of registers when they are in hold mode.

This observation is the basis of the work by Theeuven and Seelen [thee96].
The author propose a technique to identify flip-flops that are in hold mode for
a large fraction of the operation time. For these flip-flops, a hold expression
is computed. The hold expression is a logic function A that has value 1 when
the flip-flop is in hold mode, value 0 otherwise. Power management circuitry
controlled by A is then inserted, to stop the clock of flip-flops in hold mode.

The approach of Theeuven and Seelen can be categorized as a technique for
exploitation of internal idleness. A flip-flop is internally idle when its input
value is equal to its output value. Notice that even if re-loading an input which
is identical to the current state does not dissipate power on the output of the
flip-flop, internal power dissipation may be non-null and power is wasted to
toggle the clock line.

It is important to observe that the minimum amount of circuitry required to
stop the clock for a single flip-flop dissipates more power than what is saved in
the flip-flop itself. Therefore, the technique in [thee96] is applicable only to clus-
ters of flip-flops that have the same hold condition (or very similar ones). The
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Figure 5.12.  Example circuit for the computation of hold function

hold condition for a set .S of flip-flops is computed by taking the intersection of
their hold conditions hg = Hlf_.‘l hi. If the ON-sets of the hold conditions h; do
not overlap, their intersection becomes the null function and the clock is never
stopped. Another important requisite is that the logic for the computation of
the hold function is as small as possible.

The authors of [thee96] propose a simple, yet effective method to compute
the hold functions of individual flip-flops in the data-path of large designs such
as micro-controllers and digital signal processors. They exploit the information
available at the RT level to identify the control signals, and compute only the
hold conditions that are directly controlled by such signals, which are a subset
of the complete hold conditions.

Consider generic flip-flop £ with input dy and output q;. Let us call ¢ =
[c1,¢2,-.s¢n.]T the control variables, x = (91,20 oy Qhy oo N, 3 1, 82, oy i) T
the variables in the data path (i.e., the primary data inputs and the outputs
of data-path registers), where N., N;, N; are the number of control variables,
of state variables and of input variables, respectively. Variable g is the flip-
flop output variable (notice that ¢ belongs to x), The input of flip-flop % is a
function dy(c,x) of control and data variables. The hold condition for flip-flop
k is formally defined as:

hi(e,c) = di(c, x) D (5.5)

The hold condition that depends only on control variables can be expressed as
hi(c) = Vxhg. From the definition of the universal quantifier (see Chapter 2) it
is clear that hj < hy. The hold conditions that depend only on control signals
are a safe approximation of the complete hold conditions.

Example 5.4 Consider the circuit shown in Figure 5.12. It represents o sim-
ple accumulator where accumulation can be disabled by a control signal S. We
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focus on the flip-flops in register RB. We want to compute their hold function.
By definition the hold function consists of all conditions for which we do not
need to store a new value in a flip-flop. For the flip-flop RB,, storing the most
significant bit of RB, the hold function has the following expression:

hgp, =S + S (qrp, ®SUM,(A+, B+))

where the notation SUM, (A4, B+) represents the most significant output bit
of the binary addition function.

If we universally quantify out hpp, with respect to A+ and B+ (the data
inputs), we obtain Kz = S'. This hold condition is much simpler than hrg,
and, most importantly, it is the same for all flip-flops in register RB, while the
complete hold conditions change for the various bits in RB.

As demonstrated by the example, hold conditions h§ are in general much
more suitable than the complete hold conditions for implementing clock-gating
logic. They are usually much simpler to compute, and they are shared among
large clusters of flip-flops, i.e., registers or sets of registers. Although some
internal idle conditions are not exploited, this loss is more than compensated
by the compactness of the clock-stopping logic and the large number of flip-flops
that can be gated by it.

Theeuwen and Seelen propose a heuristic algorithm for the automatic con-
struction of hold domains, i.e., clusters of flip-flops whose clocks are connected
to the same clock-stopping block. The algorithm starts by computing hold
conditions k§ for all flip-flops in the design, then it selects as cluster seed the
flip-flop whose h{ has maximum probability to be 1. The cluster is grown by
selecting more flip-flops and including them in the cluster if the product be-
tween the probability of the cluster’s hold condition and the size of the cluster
increases. The hold condition for a cluster is simply the intersection of all hj,
that belong to it. In order to efficiently implement the hold condition for a
domain, the algorithm explores the network trying to locate pre-existing sig-
nals that can be used to implement the hold condition logic. Clock gating is
actually added to the network only if a user-defined complexity threshold is not
exceeded.

Power management based on hold conditions has produced sizable power
reductions in a few relatively large circuits. In [thee96], the authors report
results for a 8-bit micro-controller and a 16-bit digital signal processor. Power
reductions of 19% and 29%, respectively, are reported. Area increases by 7.7%
and 0.7%, respectively. No data is reported regarding speed reduction in the
power managed circuits.

As a final note, we observe that, although this method achieves good results,
the power reductions are somewhat inflated by the design style adopted in the
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original designs. When cnabled flip-flops are used, there is no need to feed
back the data to the inputs of the registers when new values are not loaded.
Disabling the flip-flops will be sufficient to guarantee that the output value is
held constant. We conjecture that the power savings with respect to designs
that make effective use of enabled flip-flop would be much smaller than the
ones reported in [thee96]. Nevertheless, the technique represents a significant
step forward in extending the basic idlencss exploitation techniques to large
designs by exploiting information available at the register-transfer level such as
the distinction between control and data signals.

5.4.2 Unobservability detection

The technique presented in the previous subsection exploits a form of internal
idleness for registers in a RTL description. We now analyze a technique for
exploiting external idleness in data-path modules. Data-paths have long and
wide busses, which are generally heavily loaded. The large parasitic and load
capacitance of such busses causes large power dissipation whenever bus lines are
switched. As device technology shrinks, bus capacitances become increasingly
larger than internal capacitances of data-path components.

Reducing the switching activity on data-path busses is a very effective power
reduction strategy. Power management techniques based on cxternal idleness
can be exploited to this purpose. The rationale is that the values driven on
bus lines which are not observed by the environment should be frozen in a
quiescent state by stopping their drivers. In other words, bus transitions are
to be avoided when the “bus resource” is externally idle.

External idleness on data-path busses can be efficiently detected in a RTL
description. Remember that we distinguished data-path logic modules in two
categories: computational units and steering modules. Computational units
are arithmetic or logic circuits such as adders or multipliers. Steering mod-
ules are multiplexers and three-state drivers. Steering modules do not perform
computation, they are used for communicating data from a source to a destina-
tion unit. We can consider registers as a special type of steering resource that
communicates data values over time, while multiplexers and three-state drivers
communicate over space.

The distinction between stecring modules and computational units is ex-
ploited to efficiently compute a useful approximation of external idle conditions.
The approximation is based on the assumption that computational units are
fully observable and that they do not reduce the observability of their inputs.
Only steering modules reduce the observability of their inputs, and they are
the ones that need to be analyzed for extracting idle conditions.
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Figure 5.13.  Steering modules in a RTL description

Example 5.5 Consider the steering modules shown in Figure 5.138 (a), (b)
and (c). All but one data inputs of the multiplezer are unobservable at any
gwen time. The three-state driver makes its input unobservable if its enable
signal is de-asserted. The same holds for the enabled register. In symbols, the
unobservability conditions for the inputs (i.c., the observability don’t cares, cfr.
Chapter 2) are: ODCpata, = Sy and ODCpgta, = Si for the multiplexer;
ODCpgta = En' for the three-state driver and the register.

It easy to realize that the assumption of complete observability of all com-
putational units inputs is a conservative approximation of reality. Consider for
instance a multiplier. If one of the operands is zero, the result is zero indepen-
dently from the value of the other operand. Hence, zero on one operand masks
(i.e., makes unobservable) the second operand. The observability loss caused
by typical computational units is usually difficult to compute. On the contrary,
it is easy to compute observability loss caused by steering modules and, more
importantly, the logic for idleness detection is compact (simple functions of
control inputs of the steering modules). From these observations, we can for-
mulate an algorithm for efficiently detectingt and exploiting external idleness.
The algorithm has the following flow.

m The steering modules in the data-path are levelized. Higher level is assigned
to modules that are topologically closer to the primary outputs.

m The steering modules are examined moving from high levels towards low
levels.

m For each data input of a steering module, its observability don’t care set
(ODC) is computed.

w Moving from low level to high level, the clock gating logic for the drivers of
the data busses is generated.

159



150 DYNAMIC POWER MANAGEMENT

®» Timing constraints are checked in order to ascertain that the clock gating
logic can stop the clock in time.

Two steps of this high-level algorithm require further explanation, namely the
computation of the ODCs and the insertion of clock gating logic.

Given a steering module, the ODC of its output is the intersection of the
ODCs of all its fanout stems. The ODC of one of its inputs is the logic sum
of the ODC of its output and the additional ODC condition produced by the
steering module itself. If no information on external don’t cares is available,
the ODC of the primary outputs is assumed to be empty. The presence of
a computational units is completely transparent. The ODCs of all its inputs
is assumed to be the same as the ODC of its output. These simple rules are
applied for cach steering level moving backwards in the network. The compu-
tation is very efficient because the ODCs for steering modules are extremely
compact and there are generally not many levels.

Once the ODC for a bus connected to the input of a steering module has
been computed, its driver can be gated by a function that freezes it whenever
the bus is unobservable. Notice that the driver can be a register, a multiplexer,
a three-state driver or a computational unit. If the driver is a register or a
three state driver, freezing the bus is relatively straightforward. It is sufficient
to qualify the enable signals for the register (or the three-state) with the ODC
conditions. If the driver is a multiplexer, the flip-flops driving the control inputs
can be clock-gated whenever the multiplexer output is unobservable. Finally,
if the driver is a computational unit, the bus cannot be frozen but the inputs
of the unit should be frozen instead.

Example 5.6 In Figure 5.14 we show an example of the power management
technique based on external idleness. The data-path has two steering levels.
Three-state driver Tri has level 2. Multiplezer Mux has level 1. The input
registers have level 0. We assume that the ODC for the output bus is empty.
The ODCs for all internal busses B1, B2, ..., B6, are shown in the figure (in
boldface). For instance, consider bus B2. It has two fanouts to two compu-
tational units. The ODC of the input of a computational unit is the ODC of
the output (remember that we neglect the ODCs introduced by computational
units). Hence, the ODC of B2 is the intersection of the ODCs of the outputs of
the computational units: ODCps = (En’ + S])(En'+5}) = En'+ 5,5y = En’,
because S1 and Sy cannot be zero at the same time for correct multiplezing.

In order to prevent useless switching activity on bus B6 the flip-flops of
the control inputs of the multiplexer are disabled by En'. Switching is reduced
on B1, B2, ..., B5 by disabling the registers on level (). Notice that here we
used enabled registers, for the sake of schematic readability. A more efficient
implementation exploits clock gating to stop the registers. From the schematic,
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Figure 5.14.  Data-path power management based on external idleness.

it is evident that the insertion of power management circuitry has minimal area
impact (only three inverters and two AND gates are added). Hoverer, timing
analysis should be applied to the modified design to check if the timing of the
enable signals does not violate cycle time constraints. This may be the case if

the input control signal arrives very late at the flip-flops from the previous stage
of the data-path.

A preliminary implementation of the technique presented in this subsection
has been applied to the integer data-path of a high performance microproces-
sor. Power savings around 10% have been mecasured [kapa97]. More extensive
experimentation is required to assess the applicability and the impact of this
approach. To summarize, the main features of the techniques are: i) exploita-
tion of external idleness, ii) computational efficiency obtained by exploiting
information available at the RT level, iii) applicability to large data-paths such
as those found in high-performance micro-processors, iv) low overhead.
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5.4.3 Glitch minimization

All RTL techniques described so far do not consider the effect on power of
propagation delays in control and data-path logic. Static delay analysis is
only performed to ensure that the power-managed implementations do not
violate timing constraints. Raghunathan and co-authors [ragh96b] propose
a set of techniques aimed at climinating the power consumption of spurious
transitions caused by unequal propagation time of signals within combinational
logic circuits. Such transitions, often called glitches, are completely irrelevant
from a functional point of view (in a synchronous implementation), because the
signals stabilize to their final value in time to be correctly sampled and stored
in registers. Unfortunately, glitches do dissipate a consistent amount of power.

The authors of [ragh96b] move from two pieces of experimental evidence.
First, they claim that steering data-path modules are major contributors to
power dissipation of application-specific integrated circuits (ASICs) designed
using a synthesis-based methodology. They report that functional units arc re-
sponsible for only 9% of the total power consumption, random logic (controller
and glue logic) consumes 4% of the total, registers 39.5% and steering modules
(multiplexers) consume 46.7% of the total.

The second observation is that the estimated power consumption of a design
simulated with accurate timing models can be as much as 20% larger than
the estimate obtained by a zero-delay simulation, where all gates propagate
signals instantaneously and glitches are not accounted for. The 20% difference
is entirely due to glitches in the combinational logic. Hence, spurious transition
activity is an important contribution to power consumption.

Although it is very expensive (if possible at all) to design completely glitch-
free circuits, the authors claim that some architectures are inherently less
prone to glitch power consumption than other functionally equivalent ones.
In [ragh96b] several RT level transformations are proposed, targeting the re-
duction of glitches (and the power consumption thereof). Such transformations
target specifically control logic and steering modules and have a limited area
overhead.

Glitch minimization techniques at the RT level are somewhat marginal to the
topic of this book, but they have some relevance because they can be thought
as a generalized form of idleness climination. To better understand this claim,
observe that in a synchronous environment any signal can perform at most
one functional transition per clock cycle. In case of multiple transition, only
the last one is functionally relevant, while all others are spurious. In other
words, a combinational logic block is externally idle during a clock cycle until
the arrival time of the last output transition, because all previous transitions
are not observed by the registers the block fans out to. Glitch reduction tech-
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Figure 5.15.  Equivalent RTL architectures with different glitching.

niques exploit this form of external idleness, and attempt to reduce the number
of unobserved transitions to reduce power dissipation. Before describing the
transformations proposed by Raghunatan et al., we give an example (taken
from [ragh96b]) of the impact of glitch power consumption on RTL designs.

Example 5.7 Consider the RTL circuit shown in Figure 5.15 (a). Assume
that all its inputs are glitch free. Comparators such as the one on the bottom
left side of the figure often generate glitches on their output even if the inputs
are glitch free (this is due to their internal architecture thet often has paths of
unequal length). Assume that a 0-1-0 transition appears on the output of the
comparator. The adder and the multiplexers will dissipate a consistent amount
of power in spurious transitions, because the adder will first start executing
addition A + C, then B + D, finally A+ C again. Only the final A+ C result
will be sampled on the output.

In contrast, the equivalent architecture shown in Figure 5.15 (¢) has smaller
glitch power dissipation, because each of the two adders will perform just one
addition per clock cycle. Notice that glitching is not completely eliminated,
because still the adder may internally generate glitches, and the glitch on the
comparator output is not eliminated, thus the circuit’s output is still glitchy.

If power estimation is performed with zero-delay simulation that does not
take glitches into account, architecture (a) will certainly appear to be more
power efficient than architecture (b). Indeed, if propagation delays are not taken
into account, architecture (a) performs just one addition per clock cycle, while
architecture (b) performs two in parallel. However, if a full-delay simulation
is performed, the power consumption of architecture (a) is larger than that of
architecture (b) by more than 17% because of glitch power dissipation.

To better attack glitch power consumption, the authors of [ragh96b] dis-
tinguish two types of glitching behavior. Glitch generation occurs within RTL
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Figure 5.16.  Glitch filtering through clock gating.
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components, because of uneven delays in the internal gate-level structure of the
components. Glitch propagation is caused by glitchy inputs which cause mul-
tiple spurious transitions within RTL components and on their outputs. The
techniques presented in [ragh96b] address glitch propagation. Glitch generation
can be reduced by careful logic-level design of the RTL primitives.

5.4.3.1 Glitches in control logic. The control logic by itself accounts only
for a small portion of the total power consumption. However, glitches generated
in control signals may cause a significant amount of power dissipation when
they propagate into the data-path. Glitches propagate from control to data-
path mainly through multiplexer select lines. As seen in the previous example,
a glitch on a select line of a data-path multiplexer may have disastrous effects on
power consumption. Glitch propagation through multiplexer select lines can
be reduced by choosing a multiplexer implementation which is slightly more
complex, but is less sensitive to glitches on the select line than the simplest
implementation [ragh96b]. Alternatively, if several multiplexers arc cascaded
in a multiplexer tree to select among more than one data signal, the multiplexer
tree can be restructured trying to reduce the glitches on the output of the last
multiplexer of the tree. Finally, glitches can be filtered by gating the control
signal with the clock, as shown in Figure 5.16.

Notice however, that gating the control signal with the clock may not be
helpful if the signal has glitches after the falling edge of the clock. Moreover,
the technique is not applicable if the required arrival time for the multiplexer
control signal occurs is before the falling edge of the clock (i.e., if the multiplexer
selection is needed quite early in the clock cycle). The authors in [ragh96b]
propose also glitch reduction techniques based on delay insertions on selected
signals. Unfortunately, these techniques are difficult to apply at the RT level,
because at high level of abstraction accurate delay information is not available,
and it is practically impossible to finely tune delay elements.
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5.4.3.2 Glitches in data-path. The techniques devised for eliminating
glitches on control signals can be adapted to the data-path. Unfortunately,
data-path lines are much more numerous than control signals. Therefore any
technique that adds gates to data-path is likely to be very expensive in terms
of area and power, and not convenient. The authors propose a selective delay
insertion technique for delaying raising or falling transition on some critical
data-path signals [ragh96b).

Although the authors claim that selective delay insertion can be very ben-
eficial, concerns may be raised by the limited accuracy of timing analysis at
the RT level, not only for control signals but also for data signals. What is
worse, the uncertainty on delay estimations tend to become increasingly large
for deep sub-micron technology where wiring delay is significant. We conjec-
ture that techniques involving delay insertion are not likely to have significant
impact in the future, but nevertheless they may still be useful in some cases.
Probably the best way to reduce glitching in the data path is to synthesize
combinational logic with few stages between register. In this way, glitches are
not allowed to propagate much.

5.4.4 Summary

In this section we described several RTL power management techniques. One
common characteristic to all of them is the exploitation of high-level informa-
tion such as the distinction between control signals and data signals or the
distinction between functional units and steering modules. This information
is lost when the RTL specification is mapped into a logic-level network. The
exploitation of RTL-specific information is key for computational efficiency. All
techniques described in this section are highly efficient compared to logic-level
approaches. On the other hand, all RTL techniques resort to some kind of ap-
proximation, thereby neglecting a fraction of the idle conditions. In summary,
accuracy is traded off for computational efficiency.

5.5 BEHAVIORAL-LEVEL TECHNIQUES

Register-transfer level descriptions are very general and flexible. Neverthe-
less, the increasing size and complexity of digital systems motivates using a
higher level of abstraction which has the benefit of increasing the designer’s
productivity. However such a paradigm shift must be supported by adequate
computer-aided tools.

Behavioral synthesis (also known as high-level synthesis) targets the auto-
matic generation of digital designs starting from abstract specifications. The
main differentiating factor with respect to RTL specifications is that in a behav-
ioral description only partial information is provided on when operations must
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be executed. More specifically, the designer provides a functional specification
of the target system (usually expressed as a HDL program) and a few con-
straints on how the system interacts with the environment. The synthesis tool
has complete freedom to decide when to perform the individual operations in
the functional specification, as long as the constraints on the external interface
are satisfied.

The core task performed during behavioral synthesis is called scheduling.
During scheduling, the synthesis tool decides when to execute individual op-
erations in the specification, and assigns them to specific clock cycles of the
execution. Scheduling information is the key data exploited by behavioral-level
power management techniques. Such information is not explicitly expressed in
RTL or logic descriptions. Cousider a functional unit which has been instanti-
ated during behavioral synthesis. If the scheduling information is available, it
is possible to establish when the unit is idle in a very straightforward way, by
just observing the clock cycles when the unit does not produce results used by
subsequent computations. The two techniques briefly described in the following
subsection directly exploit this information to reduce power dissipation.

5.5.1 Operand isolation and controller re-specification

During scheduling, a wutilization table [knapp95] is produced that summarizes
usage information for each computational resource instantiated in the design.
If the execution of the entire computation requires Ngyqe clock cycles, and
N, ., resources, the utilization table has N, rows and Neyce columns (or vice
versa). An element u; ; of the table has value 1 if resource 7 is used during
clock cycle 7, zero otherwise.

It might secm logical to think that good schedules are characterized by very
high resource utilization (i.e., a large number of ones in the table), because
designs with many, highly underutilized units tend to have large area. In many
cases, the utilization tables produced by scheduling algorithms have a signifi-
cant number of zero elements. Two arc the reasons for this fact. First, timing
constraints usually require the instantiation of additional (not fully utilized)
resources, to avoid serialization of concurrent operations and the consequent
latency increase. Second, resource sharing increases the complexity of the steer-
ing logic required to drive the correct operands on the resource’s inputs and to
direct the results to the correct storage elements. Hence, resource sharing may
be limited by routability constraints.

When u;; = 0, unit ¢ is not used during clock cycle j. In the hardware
implementation, the unit receives input signals and computes a result, but the
result is not observed and not stored. Hence, the unit is externally idle in
clock cycle j. Notice that the availability of the utilization table makes the
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detection of this form of idleness completely straightforward. This is not the
case for RTL or gate-level specifications, where extracting external idleness
information requires some computation.

Operand isolation is a power recovery technique that exploits external idle-
ness. It can be succintly described as follows. For each unit i, the corresponding
row in the utilization table is explored. If the number of zeros divided by the
total number of columns N,y in the table is larger than a user-defined fraction
R;, the unit is modified as follows.

m Latches are inserted on each input line of the unit. Such latches must be
transparent in clock cycles when the units is utilized, they are opaque oth-
crwise.

® An additional block of control logic is synthesized, which, depending on the
utilization, sets the latches in transparent or opaque state.

Operand isolation is often used in the industrial practice [slat95], and its ex-
ploitation during behavioral synthesis has been considered in [muss95]. The
applicability and the impact of the technique critically depends on two factors.
First, operand isolation relies on transparent latches to prevent useless switch-
ing activity in idle resources. Hence, fast and low-power latches are needed.
Transparent latches are relatively small cells, that do not consume much power,
but they introduce an additional level of logic in the data-path, and they may
cause unacceptable slowdown in units that are tightly timing-constrained.

Second, latch control requires the instantiation of additional control logic
that dissipate power and may increase delay. The overhead of increasing the
number of control signals and the complexity of the controller should be taken
into account when evaluating the opportunity for operand isolation. Depending
on the estimated control and latch overhead, larger or smaller values of R;
should be specified. A large value leads to conservative implementations, where
operand isolation is implemented for unit i only when the units is idle for a
large fraction of the execution time. Moreover, tightly timing constrained units
should not be considered as candidates for operand isolation.

Example 5.8 An abstract behavioral-level representation of the functionality
of a design, known as data-flow graph [dmc94], is shown in Figure 5.17 (a).
Three types of operation are performed, namely addition, subtraction and multi-
plication, represented by nodes in the graph. Edges represent functional depen-
dencies among operations. Scheduling of the computations has been performed
assuming that only one resource of each type is available. Seven clock cycles
are needed to complete the computation. The graph is levelized according to the
schedule. Each node is put on the level corresponding to the clock cycle of its
ezecution.
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Figure 5.17. A scheduled data-flow graph and its utilization table

The usage table for the units is shown in Figure 5.17 (b). Notice that the
multiplier has very high utilization, and it is likely to be the slowest resource
(i.e., the one that defines the critical path). Operand isolation is not conve-
nient for the multiplier, since it is idle only for 1/7 of the operation time, and
inserting latches on its inputs would further slow down the cycle time of the
circut.

On the contrary, both the adder and the subtracter have poor wutilization,
or, equivalently, high idleness (5/7). Moreover, they are not time-critical, be-
cause the clock cycle is set by the multiplier. Hence, operand isolation is very
convenient for the two units, and would produce substantial power savings with
limited area overhead (the input latches and the additional control logic) and no
speed overhead. The data-path implementing the data-flow graph (with operand
isolation) is shown in Figure 5.18. Blocks labeled M1 to M5 and M are multi-
plezers. Blocks labeled L1 to L4 are the operand isolation latches. The control
signals for multiplezers and latches are not shown for the sake of readability.

In some designs, operand isolation with input latches may not be allowed
because of tight area constraints, speed constraints or testability issues (the in-
sertion of latches complicates testing). Raghunathan and co-authors [ragh96a,
ragh97] propose an alternative, low overhead approach for the exploitation of
external idleness at the behavioral level. Their approach is bases on two trans-
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Figure 5.18.  Data-path with operand isolation

formations, namely controller re-specification and steering logic re-structuring.
The intuition is that spurious activity on the inputs of idle units can be elim-
inated at small cost by appropriately choosing the value of the control signals
that drive the steering logic at the inputs of the unit itself.

The control signals for the steering logic are don’t care conditions for the
control state machine in states where the unit is not used. Such don’t cares
can be specified to increase the correlation between input values fed to the unit
in active cycles and idle cycles. For instance, assume that unit ¢ is active in
cycle 7, and performs computation A + B. In cycle j + 1 the unit is idle. The
power-reduction technique based on control re-specification attempts to specify
the values of the control outputs that drive the steering logic at the input of
unit ¢ so as to maintain values A and B. In this way, the unit will not dissipate
any power because its input do not change during idle periods.

If control signals have spurious transitions during idle cycles, the benefits of
controller re-specification can be much reduced. In order to reduce the amount
of glitching on control signals, the techniques presented in the previous sub-
section can be exploited. Steering logic restructuring is the glitch-reduction
technique that, when combined with control-respecification, leads to imple-
mentations with little spurious transitions.

As a final comment, notice that although the authors of [ragh96a, ragh97]
claim that controller re-specification is a low-overhead technique, it is not clear
if it always compares favorably with optimized implementations of operand
isolation. Transparent latches are relatively small, low-power and high-speed
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circuit primitives, and they can actually be merged with combinational logic
blocks to further decrease the overhead. Moreover, operand isolation has been
used in industrial practice and can be implemented cven in design flows that
do not rely on behavioral synthesis.

5.5.2 Memory segmentation

The remaining advanced power management techniques considered in this chap-
ter apply transformations on the behavioral-level representation of a design to
expose idleness which is not readily exploitable as in the case of operand iso-
lation. These approaches are more aggressive in exploiting the information
available during the behavioral synthesis process, and they actually modify the
basic behavioral synthesis algorithms for memory allocation and scheduling,.

Farrahi and co-authors [farr95] propose a memory partitioning (also called
segmentation) scheme that reduces power by exposing idleness in memory ac-
cesses. At the behavioral level of abstraction, memory is a resource whose
functionality is to store data when it is written and return it when read. Far-
rahi proposes a decomposition approach. Memory is not seen as a monolithic
resource but as a collection of independent memory segments, with indepen-
dent clock and refresh signals. Whenever a memory segment is idle, it can be
put in sleep mode, i.e., its clock can be stopped, or its refresh signal can be
shut down, thereby minimizing its power dissipation. Memory is idle when no
useful information is stored into it. Notice that memory is not idle when it is
not accessed, because it may store useful state information. In this case, we
cannot put it in sleep mode to avoid the risk of losing data.

Memory accesses (writes and reads) performed during a computation can be
performed. For each variable (called memory element in [farr95]), a lifetime can
be defined as a time interval that starts when the variable is written and ends
when the variable is last read. The lifetime of a variable v is completely defined
by an ordered pair L, = (tinit,,tsin,). Given Ny, memory segments which
can be independently put in sleep mode, the partitioning technique attempts
to store in the same segment variables which have overlapping lifetimes. A
segment is idle when no variable stored in it is alive. Hence clustering variables
with overlapping lifetimes in the same module increases the idle time of the
memory segment that stores them.

Finding the optimum assignment of variables to memory segments that maxi-
mize the total idle time of all segments is a hard problem. In [farr95] the authors
propose a worst-case exponential time algorithm for solving the optimization
problem. Fortunately, a practical extension of the optimum assignment prob-
lem has an efficient solution. The extensions try not only to maximize the
total idle time, but also to bound the total number of transitions between sleep
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Figure 5.19.  Lifetimes of four variables

and active mode of operation for all segments. The total number of transitions
between sleep and active and vice versa is correlated to the power overhead
in switching the control circuitry needed for putting the unit in sleep mode or
waking it up.

Example 5.9 Consider variables a, b, ¢, d. Their lifetimes are shown in
Figure 5.19 in bold. If all variables are placed into the same memory segment
(i.e., monolithic memory), the segment is idle only in the first period. Assume
that two memory segments, S1 and Sz are available. If we store variables a
and b in S1, and variables ¢ and d in Ss, the total number of idle periods is
I =1(8)+1(S2) = 6+7 =13, and the total number of transitions between idle
and sleep or vice versa is 4. If we store variable a and ¢ in S1, and variable b
and d in Sy, the total number of idle periods is I = 542, while the total number
of transitions is 6. Clearly the first partition would produce bhetter power savings
because it exposes more idleness and reduces the number of transitions between
active and sleep.

Memory segmentation is a binding problem that assumes the knowledge of
scheduling information (i.e., to apply the technique, we need to know exactly
when each variable is accessed). Partitioning exposes memory idleness that is
hidden in the monolithic implementation. The main limitation of the technique
is its high level of abstraction. In [farr95] many important practical issues are
not discussed in detail. Instantiating memory segments increases the number of
memory components, the area and the wiring overhead. The control circuitry
that manages memory access increases in complexity and power dissipation.
Power savings can be achieved only if the power saved by putting memory in
sleep mode compensates for the overhead due to increased component count
and control complexity. The authors do not provide any experimental evidence
that this is the case in practical situations. Nevertheless the technique is an
interesting aggressive power optimization modifies the hardware architecture to
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enhance power management opportunities instead of simply exploiting idleness
in a given architecture.

5.5.3 Scheduling

All techniques described so far share the assumption that scheduling infor-
mation is fully known when power optimization is performed. However, it is
possible to be even more aggressive and formulate scheduling algorithms that
take power management into account. A power-conscious scheduling algorithm
should assign operations to time steps trying to maximize the amount of ez-
posed idleness. In other words, if there are conditions that imply idleness for
a resource, they should be computed as soon as possible (i.e the computation
of such conditions should be scheduled very early) so that the resource can
be shut down. If this is not done, it might not be possible to shut down an
idle resource because of timing constraints. Ezposing idleness means modifing
a design to enable the shut-down of idle resources without violationg timing
constraints.

This useful observation is exploited by Monteiro and Devadas [mont96] who
propose scheduling techniques which create power management opportunities.
Consider a circuit that implements the conditional computation of A + B or
C * D depending on the value of condition X > Y. If the condition is true,
the sum is computed. Otherwise the product is computed. If we schedule the
computation of the conditional in the same clock cycle as the two operations,
the selection among the two results will be performed while they are being
computed. Although one of the two computations is always unneeded (i.e.,
either the multiplier or the adder are externally idle in any clock cycle), it is
possible to exploit idleness to reduce power. The conditional value becomes
available too late to prevent the execution of one of the two mutually exclusive
operations.

At the behavioral level, the information on mutually exclusive computations
is readily available, and it is associated with conditionals in the specification.
The power-conscious scheduling algorithms proposed by Monteiro and Devadas
attempts to move the evaluation of conditionals as soon as possible in the
schedule. Referring to the example, above, if X > Y is computed at least
one clock cycle before the execution of both multiplication and addition, it
will be possible to expose idleness. Power can be reduced then by applying
operand isolation on the adder and the multiplier resource, and controlling
the latches with the result of the comparison. The power-efficient circuit with
operand isolation is shown in Figure 5.20. This optimization is enabled by
scheduling, and it may be completely lost if the circuit is optimized for power
after scheduling has been computed.
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Figure 5.20. Low power implementation enabled by power-conscious scheduling

In [mont96], the authors show that power-conscious scheduling can reduce
power by more than 30% for a few benchmark circuits. Unfortunately, the ap-
plicability and the impact of the technique can be impaired if the designs are
tightly timing constrained. Referring to the above example, timing constraints
could force the execution of the conditional on the same cycle as the two op-
crations. The power-conscious schedule requires at least two clock cycles for
computing the final results, while an aggressive schedule completes execution
in just one clock cycle. Indeed, selecting the result of several alternative (mu-
tually exclusive) computations after they have been computed is a well-known
performance-enhancement technique known as speculative ezecution.

Even if the power-conscious scheduling technique proposed by Monteiro and
Devadas may have limited impact on the critical computation, it may still very
useful for non-critical computations. The slack of non-critical computations can
be exploited by pre-computing conditionals whenever possible without increas-
ing the latency of the circuit (which is set by the number of cycles required by
the critical computation). The most important advantage of power-conscious
scheduling is that it exposes idleness and makes it easy to exploit it to reduce
power. Thus, it not a simple “power recovery” technique, but it can be seen as
a high-level transformation for low power.

5.5.4 Summary

Behavioral-level power management techniques have just begun to emerge. Sev-
eral promising directions of development are under active investigation. Behav-
ioral specifications have two basic properties that should be exploited, namely
locality and mutual exclusiveness of computation. Locality of computation is
a well-known property of programs. A high fraction of the execution time is
spent in a relatively small fraction of the program. Behavioral HDL hardware

173



164 DYNAMIC POWER MANAGEMENT

descriptions are indeed programs which enjoy similar properties. From the
point of view of power management, locality is a very useful property, since
it implies that only a rclatively small subset of the complete functionality is
actually used for a large fraction of the operation time. Thus, the little-utilized
features can be shut-down and activated only when needed.

Mutual exclusiveness of sections of a computation is caused by the pres-
ence of conditionals in the behavioral description. The scheduling technique
described above is an example of how mutual exclusiveness can be exploited
for power management. However, other approaches are possible. For instance,
in [benid6b] a techique is presented to reduce the power dissipation of con-
trollers of sytems specified at the behavioral level. Such technique leverages
the mutual exclusiveness of computations caused by conditionals.

More work is needed to reach a complete understanding of the opportunitics
available at the behavioral level. However we firmly believe that behavioral-
level power management techniques can have a sizable impact on reducing the
power dissipation of digital designs.

5.6 CONCLUSION

In this chapter we have reviewed several power management techniques target-
ing large digital circuits described at the logic, register-transfer and behavioral
level of abstraction. All techniques are based on the fundamental ideas de-
scribed in Chapter 3, namely exploitation of internal and external idleness.
While some of the approaches focus on detecting and exploiting idleness in
a given specification, others transform a specification to expose idleness and
obtain further power savings.

Some of the advanced techniques presented in this chapter are not yet mature
enough to be integrated in standard industrial design methodologies, although
several commercial EDA tool vendors and system design companies are de-
veloping industrial-strength tools for power management. The main obstacle
to overcome for logic-level techniques is the lack of an effective partitioning
strategy that can direct the computational effort on promising sections of large
logic-level netlist, while avoiding blocks where idleness computation is pro-
hibitively expensive. On the other hand, the main challenge for approaches at
the RT and behavioral level is to increase their generality and prove themselves
on large industrial designs.

Although the path to maturity can be long, we believe that the advanced
techniques described in this chapter hold good promise of becoming effective
power optimization approaches in the domain of VLSI digital design. Unfortu-
nately, all approaches discussed so far are not powerful and general enough to
be applied at an even higher level of abstraction, the system level, where atomic
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components are digital VLSI chips and electro-mechanical devices, disks, dis-
plays, etc. We address system-level power management in the next chapter.
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6 POWER MANAGEMENT FOR
SYSTEMS

To do nothing at all is the most difficult thing in the world, the most difficult
and the most intellectual.

—Oscar Wilde
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6.1 INTRODUCTION

In all previous chapters we focused on power management schemes for VLSI
digital circuits. We also assumed mainstream static CMOS technology and syn-
chronous (i.e., clocked) implementation style. The assumption on technology
and on clocking style are not fundamental, and many techniques previously pre-
sented can still be applied, with minor modifications, to circuits implemented
with different technologies and clocking styles. Nevertheless, all power man-
agement techniques presented so far focus on the reduction of chip-level power
consumption.

The vast majority of power-critical electronic products are far more complex
than a single chip. Portable devices such as cellular telephones and laptop
computers contain tens or even hundreds of components. In most electronic
products, the digital components are responsible for only a fraction of the power
consumed. Analog, electro-mechanical and optical components are a significant
fraction of the total, and arc often responsible for the largest contributions to
the power budget. For example, the power breakdown for a well-known laptop
computer [uda96] shows that, on average 36% of the total power is consumed
by the display, 18% by the hard drive, 18% by the wireless LAN interface, 7%
by non-critical components (keyboard, mouse etc.), and only 21% by digital
VLSI circuitry (mainly memory and CPU). Reducing the power in the digital
logic portion of this laptop by 10X would reducc the overall power consumption
by less than 19%.

Laptop computers are not an isolated case. Almost all electronic appliances
are complex and heterogeneous systems containing a wide variety of devices
that do not fall within the scope of the computer-aided power optimization
techniques presented in the previous chapters. Nevertheless, designers have
reacted promptly to the new challenges posed by low-cost, low-power portable
appliances. Battery lifetime (or time between recharges) is steadily increasing
and the physical dimensions of portable devices are progressively shrinking.
These surprising results are achicved thanks to a well-balanced mix of techno-
logical innovation, architectural design and optimization.

One of the most successful techniques employed by designers at the sys-
tem level is dynamic power management. Building a complex system that
supports dynamic power management is a difficult and error-prone process.
Long trial-and-error iterations cannot be tolerated when fast time to market is
the main factor deciding the success of a product. Unfortunately, system-level
computer-aided design environments are still in their infancy, and EDA vendors
arc lagging far behind the needs of this segment of the electronic industry.

To compensate for this lack of support, several system developers and ven-
dors [onno97a, ACPI96] are aggressively pursuing a long-term, wide-scope strat-
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egy to greatly simplify the task of designing large and complex power-managed
systems. The strategy is based on a standardization initiative known as the
advanced configuration and power interface (ACPI). The structure and charac-
teristics of ACPI will be described in Section 6.3. Although the initiative tar-
gets personal computers, it contains useful guidelines for a more general class
of systems. The characterizing feature of ACPI is that it recognizes dynamic
power management as the key to reducing overall system power consumption,
and it focuses on making the implementation of dynamic power management
schemes in personal computers as straightforward as possible.

The ACPI specification forms the foundation of the OnNow initiative launched
by the Microsoft Corporation. The OnNow initiative targets the migration of
power management algorithms and policies into the computer’s operating sys-
tem (OS). The OnNow initiative is described in Section 6.2. Although OnNow
requires ACPI as the interface between OS-directed power management pro-
cedures and the hardware platform, ACPI is an OS-independent open specifi-
cation. Any OS developer who is interested in supporting power-manageable
hardware may develop an ACPI back-end to its operating system.

ACPI and OnNow only provide a framework for designers to implement
power management strategies. The choice of power management policy is left
to the engineer. Moreover, the system architecture assumed in ACPI (and
OnNow) is processor-centric and tightly bound to the abstract model of a per-
sonal computer. In this chapter we go beyond ACPI and OnNow to formulate
a model for a generic power-managed system which is more general (and less
detailed) than the model proposed by ACPI. We define the key problem of pol-
icy optimization, which is the central issue in any power management scheme.
Roughly speaking a policy is an algorithm that decides how and when to acti-
vate and shut down system resources to minimize power, depending on usage
patterns and performance constraints. Finding the power management policy
that minimizes power without compromising performance beyond acceptable
levels is a complex optimization problem.

The chapter is organized as follows. In Section 6.2 we describe the On-
Now initiative for OS-directed power management. In Section 6.3 we give an
overview of the ACPI specification. In Section 6.4 we propose a system-level
modeling approach which is more general and less detailed than ACPI. The
model is suitable for describing very large and complex systems at a high level,
where functionality is almost completely abstracted away and power consump-
tion is modeled in a simplified, yet effective fashion. Finally, in Section 6.4 we
describe some empirical results on policy optimization and outline directions
for future research in this arca.
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6.2 OPERATING SYSTEM-BASED POWER MANAGEMENT

Personal computers (PCs) are becoming an integral part of daily life, as portable
appliances such as wristwatches and cellular phones have become over the last
few years. The flezibility of the PC platform is pushing the entire electronics
market toward the new era of convergence. Communication, data processing
and entertainment will be supported by the same platform, enhanced by the
world-wide connectivity provided by the Internet. Although industry leaders
have contrasting visions on the architecture of the integrated electronic appli-
ance of the future, there is general agreement on a few aspects: it will be
portable, it will be multi-functional, and it will be connected to the Internet.

Personal computer manufacturers are strategically positioned to exploit the
huge business opportunities opened by the convergence era. PCs are flexible,
general-purpose machines that can deliver an impressive amount of compu-
tational power at low cost. Two main obstacles to the success of the PC
platform as the basis for the new generation of integrated electronic appli-
ances are the relatively long delay between the user switch-on signal and the
“fully-operational” state and the high power dissipation of current portable
PCs, which still cannot guarantee battery duration longer than the average
“awake time” of the human user. To address both problems, the software
industry leader, Microsoft, has launched a comprehensive initiative, called On-
Now [onno97a), to provide efficient system-wide power control on PC platforms.

As with other electronic appliances (portable audio and video equipment,
cameras, pocket calculators, etc.), the personal computer should be instantly
available to respond to the user’s requests, it should appear off when not in use,
and dissipate a minimal amount of power. In order to achieve this goal, the
PC hardware and software must be able to move very rapidly (from the user’s
point of view) from an apparently off state to a fully-functional ON state.

The OnNow initiative has the goal of bringing the PC platform (i.c., hard-
ware and software) to new levels of usability, robustness and power efficiency.
This goal can be achieved by promoting tight integration and cooperation
between hardware, the operating system and the application. An OnNow-
compliant PC platform must conform to the following basic requirements [onno97a]:

m The PC is rcady for use as soon as the user turns it on. Turn-on delays
should be imperceptible to the user.

m The PC appears as off when not in use, but it must be capable of responding
to wake-up events that may be triggered not only by the user, but also by
input devices such as a telephone or by software-scheduled wakeup calls.

m Software tracks hardware status changes and adjusts accordingly. Operating
system and applications cooperate to effectively perform power management
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in accordance to the user’s expectations and requirements. Applications
should not be designed assuming that the hardware is always active and
fully functional. Whenever an application is not performing useful work,
it should inform the operating system that it is idle and release control of
unused/unneeded resources.

m  All hardware devices participate in the power management scheme, whether
originally installed in the baseline PC configuration or added later according
to the user needs. Any device connected to the PC should be capable of
responding to power management commands in a consistent and effective
fashion.

Current PC platforms do not meet the requirements of OnNow. PCs must
boot the operating system when turned on, which is a lengthy process that
can take several minutes. Once fully operational, the PC must be left ON to
respond to asynchronous events coming from its environment. Unfortunately,
when a personal computer is ON, it is often noisy and power-consuming. Envi-
ronmental regulations and user discomfort often impose a “default off” policy,
where the PC is kept electrically off (i.e., disconnected from the power supply)
whenever not in use. The failure of current PCs to serve as standard appliances
is caused by several shortcomings in hardware and software architecture. First,
there is lack of cooperation among system components. In particular, the basic
operating system (BIOS), the operating system and the applications attempt
to autonomously control the hardware. This miscoordination causes inexpli-
cable erratic behavior such as displays blanking or turning on unexpectedly
and disks spinning down and spinning up when not needed. Second, although
current PCs are expandable, newly added components are not guaranteed to
participate in the system-level power management effort. Third, even for de-
vices where power management is in place, opportunities for saving power are
lost because devices are controlled at too low a level, ignoring high-level in-
formation on what the user actually needs during system operation. Fourth,
applications assume that the computer is always fully on. This assumption
often causes excessive power consumption. For example, polling cycles, when
an application is waiting for a busy resource, but it continuously tests its avail-
ability, are very power inefficient. Polling cycles prevent hardware shutdown
by creating useless activity in the system.

OnNow addresses these shortcomings by taking advantage of the observation
that in a PC platform the operating system is the most suitable component for
the control of the power management strategy of the entire system. All modern
computers are multi-tasking machines. Any single application does not have
sufficient knowledge of the status of the entire system to make autonomous de-
cisions on when to enter a power-down mode. On the other hand, resources are
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Figure 6.1.  High-level architecture of a generic PC platform

shared among applications, and can be exploited according to widely varying
usage patterns, depending on the operating conditions of the entire systems.
Hence, power management decisions made on a resource-by-resource basis are
often highly sub-optimal as well.

In a multi-tasking, resource-shared environment, the complete knowledge
of global system status resides in the OS, the system component that takes
care of dispatching concurrent applications and managing shared resources.
For this reason, in the OnNow initiative the operating system is chosen as
the global power manager for the PC platform. The high-level architecture
of a PC platform is shown in Figure 6.1. It illustrates the central role of the
operating system in bridging the gap between hardware resources and software
applications.

Applications communicate with the operating system through a standard-
ized application programming interface (API). The interface of the operating
system to hardware resources is through device drivers. A device driver is
a softwarc component residing in the OS that hides the details of the hard-
ware implementation of any particular resource, and offers a standard interface
between hardware services and system requests. Devices on the core system
board are managed directly by the OS, while modularity is supported by exter-
nal drivers that can be registered with the OS kernel whenever a new external
resource is added to the system. The schematic representation of Figure 6.1
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State Description

Working The system is ON and fully usable.

The system appears to be off. Power consumption is
reduced, the system returns to the working state in an

Sleeping amount of time inversely proportional to the power con-
sumption.
The system appears to be off. Power consumption is very
Soft off low. A full OS reboot is needed to restore the working

state. During reboot the working context is restored from
non-volatile memory.

System off, with no power consumption. It needs to be
Mechanical off reconnected to the power supply to resume working after a
full reboot.

Table 6.1.  Global system power states and their meaning

shows the distinction between devices on the system board and external devices
connected on a communication bus.

6.2.1 Operating system support

To provide full support to the OnNow initiative, and enable OS-directed dy-
namic power management, all system components must be modified. The OS
must do the following [onno97a].

®m Support system power states which represent states of operation with rad-
ically different level of functionality and power dissipation. There are four
main system power states, as shown in Table 6.1.

m Define and manage the global power policy. The power policy is the procedure
that decides when the machine should transition from one power state to
another. Decisions are made based on user input, application activity and
hardware signals from device drivers. Moreover, the policy is influenced by
performance constraints that may be set either by the user or by applications.

m Integrate power-awareness into the OS. Not only should the OS decide when
to transition into low-power states, but also it should manage system ac-
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tivities during working periods in a power-efficient fashion. Even when the
system is in the working state, power can be saved by turning off unused
resources. The OS should schedule system activities so as to satisfy the per-
formance constraints while maximizing the opportunities for shutting down
idle resources.

a Maintain robustness. Power state transitions should never compromise func-
tionality. Particular care must be taken in preserving the context of oper-
ation when transitioning from working to any low-power state. Context
preservation should be safe and efficient to minimize both the risk of state
loss and the time required to return to the fully working state.

6.2.2 Device driver support

OnNow assumes a specific device driver structure which is tightly coupled with
Microsoft’s OS architecture [onno97b]. Device drivers are low-level components
of the OS that encapsulate the hardware resource in the system.

As explained in the previous section, the OS is responsible for managing the
global power policy. Additionally, the OS contains separate policy owners for
each class of devices. A policy owner is a software module in the OS which is
responsible for managing the usage of a group of resources with similar char-
acteristics, called a class. The required power management features for several
device classes are defined by the OnNow initiative in a set of specifications.
The following classes are defined:

m Audio device. This specification describes the power management features
of the PC audio hardware components, including audio input, output, du-
plex (i.e., simultaneous playing and recording) and advanced devices such as
speech recognition boards.

m Communication device class. The specification is addressed primarily to
modems and similar devices such as ISDN terminal adapters and computer-
connected telephone devices.

m Display device. The specification defines the power management features of
video controllers and drivers. It applies to CRT monitors and LCD panels.

m Input device. The specification describes the power management features of
keyboard controllers, mice and other similar input devices.

s PC Card device. The specification defines the behavior of PC Card controller
devices as it relates to power management.
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Storage device. The specification focuses on the required power management
features of hard disk drives, CD-ROMSs, removable storage devices, floppy
disk drives.

Network device. This specification applies specifically to Ethernet and Token
Ring adapters and describes required power management features.

Default device class. The specification describes the minimum set of power
management features to be included in any device class. New types of devices
that do not fall into any of the previously described classes can be considered
as belonging to the default device class.

Bus device classes (PCI, IEEE1394, USB). Busses are special devices that
link several hardware resources (belonging to any of the classes described
above) to the PC board. Thus, bus drivers know how to perform power
management on devices residing on their bus. The power state of the bus
resource itself depends on the state of all the connected devices. In particu-
lar, the bus resource can be shut down only if all connected resources have
already been shut down. Power management specifications of bus devices
are substantially more complex than those of normal devices, because they
not only specify the power management features of the bus circuitry, but
they also describe how to communicate power-related information from the
OS to the resources on the bus and vice versa.

Each device class has a policy owner. The owner communicates with its

resources through messages, called input/output request packets (IRPs). The
communication is bidirectional and goes through the OS. A policy owner can
dispatch four basic types of IRPs to its devices:

Request for power-related capability report. This information is needed upon
system boot to tune the policy to the features of the resource.

Query, set or get the power state of a device. During system operation, the
policy owner controls the activity of the devices and its mode of operation.

Enable a device to be a source of wakeup events when the system is in sleep
state.

Get the battery status of the device if device is self-powered.

Device policy owners contain specific knowledge about the usage patterns and
the specific requirements for a resource, and have some autonomy in deciding
how to manage its state of operation to minimize its power consumption without
compromising performance. All device policy owners are controlled by the
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Global power policy

Policy owner Policy owner
CLASS 1 CLASS 2
— - - -
| Kernel services _ - — |
/ Device Driver \ Device Driver / Device Driver \
Figure 6.2.  Interaction between global power policy and class policy owners

global power policy that makes high-priority decisions on the state of the entire
system. The interaction between device policy owners and the global power
policy is depicted in Figure 6.2.

In the figure, two device policy owners are shown. The policy owner CLASS 2
controls two devices (through their device drivers), while policy owner CLASS
1 controls one device. Both owners can make autonomous decisions on the
power management policy of the resources they control, but they are ultimately
controlled by the global power policy that can override their decisions. Notice
that the flow is bidirectional. Policy owners send commands to the drivers
and receive acknowledgments and status information. The same holds for the
communication between policy owners and the global power policy.

Concluding our description of device drivers and device policy owners, notice
that we did not discuss how devices are power managed, or which power states
should be supported. The ACPI standard, that will be described in Section 6.3,
specifies that level of detail.

6.2.3 Application support

Applications should be designed in a power-efficient fashion [appl97]. First of
all, applications should be cognizant of the fact that modern operating systems
are multi-threaded and preemptive. In simple terms this means that several
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do {
if (TestMessageReady()) {
done = ProcessMessage();
}
else if (BckgProcReq()) {
DoBckgProc () ;

}

} while (!done);

Figure 6.3.  Power-inefficient application

programs are run in time-shared fashion, each taking a fraction of the CPU
time. In addition, even a single application may have multiple threads of exe-
cution.

Let us consider a single-threaded application as shown in Figure 6.3. The
pseudo-code represents a correct but power-inefficient implementation of a
single-threaded application. First, function TestMessageReady tests for the
arrival of a message. If the message has arrived (for instance, if a network
packet has been received), it is processed. Based on the content of the mes-
sage, the flag done is a set/reset to decide if the computations should proceed
or terminate. If no message has been received, the application checks if there
is some background work waiting (function BckgProcReq). If this is the case,
the background task is carried out (function DoBckgProc).

Although the code of Figure 6.3 is correct, it is highly power inefficient. From
the OS point of view, the application running the code is always active, and it
prevents the shutdown of the system even if no background work is performed
and no messages arrive. A more power-efficient implementation of the same
functionality is shown in Figure 6.4.

The only difference between the two implementations is that the second
blocks the process in a wait state (with function WaitMessage) if no new
message is received and no background processing is required. Function
WaitMessage makes the process inactive until the arrival of a new message.
When a new message arrives, execution resumes and the message is detected
by TestMessageReady and processed. From the OS viewpoint, if the process
is waiting on WaitMessage, it is marked as idle. Thus, if no other processes
are active, the power management policy may decide to move to a sleep state.
Notice that this simple application does not interact directly with the power
management features of the OS, but it may have a big impact on the power
consumption of the entire system if it prevents transitions to a sleep state.
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do {

if (TestMessageReady()) {
done = ProcessMessage();

}

else if (BckgProcReq()) {
DoBckgProc();

}

else {
WaitMessage();

}

} while (!dome);

Figure 6.4.  Power-efficient application

The OnNow initiative encourages software developers to write applications
that directly interact with the power management policy of the OS. If the
hardware is power managed at a too low level (i.c., by device drivers), the
application-unaware shutdown of system resources may worsen the quality of
the user interaction with the PC. Examples of this problem are when the screen
blanks during a presentation, or when the disk unexpectedly spins up and spins
down (causing annoying delays).

Needless to say, application interaction with power management should be
implemented with particular care. The main pitfall for application developers
is to take an application-centric view on power management, and think that
application-level idleness implies system-level idlencss. This is almost never
true because of the multi-threading features of modern operating systems. A
safer interaction paradigm between OS and applications is based on a simple
exchange of information. The application should inform the OS that it does not
need resources or that it is entering an idle state, and let the power management
policy of the OS decide when to enter the system sleep state. On the other
hand, applications may need to access information stored in the OS on power
management features and policies.

The system architecture proposed by OnNow provides an application pro-
gramming interface that helps application developers ensure that their appli-
cations actively contribute to power efficiency and maintain high-quality user
interfaces [onno97c]. The OnNow API provides two key features:

®  An interface that allows applications to request information to the OS about
power events and status. When the OS is preparing to transition to a sleep
state, a message is broadcast to all applications which can react accordingly.
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Figure 6.5. Summary of the OnNow architecutre

Several actions may be taken: for example the application may decide to save
some context information, or may inform the OS that the system should not
transition to the sleep state.

® A mechanism for applications to inform the OS about specific requirements
that should influence the power management policy. The basic functional-
ities required for this type of interaction are: i) a command that can be
issued to prevent the OS from putting the system or some resource to sleep
when they appear idle, and ii) a command for forcing the state of the system
in low-power sleep mode.

Thanks to the communication between OS and applications, the global power
policy can be based on both user and application activity in the system. More-
over, applications should be allowed to control the wakeup of the system from
a sleep state. The OnNow API provides system wakeup functions based on
timers. Before the system enters the sleep mode, the application may schedule
a wakeup time in the future, or inform the OS that it should be sensitive to
events generated by some hardware device.

188



180 DYNAMIC POWER MANAGEMENT

6.2.4 The OnNow architecture

OnNowis a complex and multifaceted initiative. In the previous subsections we
outlined its main features. We now summarize the architecture of an OnNow
personal computer. A pictorial summary of the OnNow components is shown
in Figure 6.5. At the boundary between the application world and the PC
platform, OnNow provides a standard API for power-conscious applications.
Within the OS, device policy owners are instantiated as well as the global sys-
tem power policy. ACPI provides the standard OS-independent layer between
power management strategies and system hardware. Finally, low-level device
drivers manage the most intimate details of hardware control. Three types
of device drivers are defined. Motherboard device drivers (DEV3 and DEV4
in Figure 6.5) encapsulate hardware components that interface directly with
the ACPI layer. Such components are typically located on the PC’s mother-
board and provide the core system functionality. Bus drivers control standard
bus resources where additional devices can be connected (and disconnected) to
configure the PC according to the user’s needs. Finally, Fxternal device drivers
encapsulate devices that are connected to the busses.

The scope of the OnNow architecture is very wide. It provides guidelines
for the design of power-managed computers ranging from a high-performance
desktop to a notebook. In this section we focused on the description of the
architecture and its components, without entering into the details of how power
can be reduced and controlled for the complex devices that build a PC platform.
In the next section we describe the ACPI standard, and we provide more details
on the hardware support that is a prerequisite for the implementation of OS-
directed power management.

6.3 ADVANCED CONFIGURATION AND POWER MANAGEMENT

The advanced configuration and power management interface is the basic build-
ing block for supporting OS-directed power management (OSPM). ACP1 is an
OS-independent, general specification that applies to desktop, mobile and home
computers as well as high-performance servers. ACPI is jointly developed and
supported by Intel, Microsoft and Toshiba [ACPI96]. The specification has
emerged as an evolution of previous initiatives that attempted to integrate
power management features in the low-level routines that directly interact with
hardware devices (firmware and BIOS). It also provides some form of backward
compatibility since it allows ACPI-compliant hardware resources to coexist with
legacy non-ACPI-compliant hardware.

ACPIT is the key element for implementing OSPM strategies such as OnNow.
It is an open standard that is made available for adoption by hardware vendors
and operating system developers. The main goals of ACPI are to:
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m Enable all PCs to implement motherboard dynamic configuration and power
management. PCs include servers, mobile, home, desktop and workstation
machines. Hardware developers targeting completely different market seg-
ment can rely on full OS support for power management. The diffusion of
ACPI-compliant hardware with OS support will push application developers
to exploit the power management features offered by the API of the OS.

m Enhance power management features and the robustness of power managed
systems. Policies that are too complex to be implemented at the BIOS level
can easily be supported at the OS level. Inexpensive hardware support (i.e.,
ACPI-compliant devices) will be sufficient to implement elaborate power
management policies because the complexity of the power management poli-
cies has migrated to the OS software layer. Debugging and customization
is made much easier and centralized management improves reliability and
coordination. OS support is cssential for gathering power management in-
formation from application, users and hardware. This information can be
exploited to formulate more effective policies.

m Accelerate implementation of power-managed computers, reduce costs and
time to market. The availability of an open standard specification reduces
the amount of non-recurring costs of developing multiple interfaces.

The ACPI specification defines the interfaces between OS software and hard-
ware. The software and hardware components relevant to ACPI are shown in
Figure 6.6. Applications interact with the OS kernel through APIs. A mod-
ule of the OS implements the power management policies, as discussed in the
previous section. The power management module interacts with the hardware
through kernel services (system calls). The kernel interacts with the hardware
using device drivers. The front-end of the ACPI interface is the ACPI driver.
The driver is OS-specific, it maps kernel requests to ACPI commands, and
ACPI responses/messages to kernel signals/interrupts. Notice that the ker-
nel may also interact with non-ACPI-compliant hardware through other device
drivers.

At the bottom of Figure 6.6 the hardware platform is shown. Although it
is represented as a monolithic block, it is useful to distinguish three types of
hardware components. First, hardware resources (or devices) are the system
components that provide some kind of specialized functionality (e.g., video
controllers, modems, bus controllers). Second, the CPU can be seen as a spe-
cialized resource that need to be active for the OS (and th ACPIinterface layer)
to run. Finally, the chipset (also called core logic) is the motherboard logic that
controls the most basic hardware functionalities (such as real-time clocks, inter-
rupt signals, processor busses) and interfaces the CPU with all other devices.
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Although the CPU runs the OS, no system activity could be performed without
the chipset. From the power management standpoint, the chipset, or a critical
part of it, should always be active, because the system relies on it to exit from
sleep states. Hence, ACPI does not define power management strategies for
the chipset itself. The power consumption of the chipset should be managed at
the firmware level, transparently to the OS.

Tt is important to notice that ACPI does not specify how to implement hard-
ware devices or the power management support in the operating system. No
constraints are imposed on implementation styles for hardware and on power
management policies. Implementation of ACPI-compliant hardware can lever-
age any technology or architectural optimizations as long as the power-managed
device is controllable by the standard interface specified by ACPL

The dashed box represents the organization of ACPI and consists of threc
main components. ACPI tables describe the interface to the hardware. ACPI
BIOS refers to the portion of the firmware that is compatible with ACPI. This is
typically the code that boots the machine and implements interfaces for global
power management commands such as sleep, wakeup and some restart opera-
tions. Part of the BIOS may not be compatible with ACPI. For this reason, the
BIOS is represented as two separate blocks in Figure 6.6, one within the scope
of the ACPI specification and the other outside it, close to the hardware. Fi-
nally, ACPI registers are the constrained part of the hardware interface. ACPI-
compliant resources must provide ACPI registers. The ACPI driver controls
and monitors the state of resources by writing and reading the ACPI registers.

The ACPI tables contain procedures encoded in a language called ACPI
machine language (AML). They describe arbitrary sequences of low-level com-
mands for controlling the operation of hardware devices. Every high-level power
control (or power monitoring) command is associated with an AML procedure.
Whenever a high-level power management command is issued to a resource by
the OS, the ACPI drivers calls its AML interpreter module that executes the
procedure corresponding to the command. Execution of the procedure involves
direct interaction with the hardware. The AML language defines the instruction
set, of a virtual machine. All ACPI-compliant hardware resources are instances
of the AML virtual machine. When AML code is executed, ACPI registers are
written and read and resources are thereby controlled and monitored.

6.3.1 ACPI state definitions

As discussed in Section 6.2, the computer viewed as a monolithic system can
be in several global power states. In the ACPI specification, five global system
states are defined. State G3 is mechanical off, G2, also called S5 is soft off,
G1 is sleeping, GO is working and legacy is the state entered when the system
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Figure 6.7.  State definitions for ACP!

does not comply to ACPI (refer to Table 6.1 for a description of the distinctive
characteristics of the first four global power states). The global states are shown
in Figure 6.7 (a). They are ordered by increasing power dissipation. The state
with lowest power dissipation is at the top.

The ACPI specification refines the classification of global system states by

defining four sleeping states within state G'1, as shown in Figure 6.7 (b):

State S1. It is a sleeping state with low wake-up latency. No system context
is lost in the CPU or the chipset.

State S2. It is a low wake-up latency sleeping state. This state is similar
to the S1 sleeping state with the exception that the CPU and system cache
context is lost. The OS is responsible for saving the content of the caches
and the CPU context prior to entering S2. Control starts with the CPU in
reset state after the wake-up event.

Sleeping state S3 is a low wake-up latency state where all system context
is lost except system memory. CPU, cache, and chipset context are lost in
this state. Hardware maintains memory context. Control starts from the
processor’s reset state after wake-up.

State 54 is the sleceping state with the lowest power and longest wake-up
latency. To reduce power to a minimum, it is assumed that the hardware
platform has powered off all devices. Platform context is maintained.

Additionally, the ACPI specification defines states for system components.

There are two types of system components, devices and processor, for which
power states are specified. Devices are abstract representations of the hardware
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resources in the system. The processor is the central processing unit that
controls the entire PC platform. Special devices are embedded controllers, that
function as resources for the main CPU.

ACPI defines a specialized interface for embedded controllers. Although
from a power management point of view embedded controllers are treated as
normal resources, they have specialized drivers because they may be used to
monitor power-related system characteristics, perform low-level complex calcu-
lations, and they may provide data that is required to implement power man-
agement policies. For example, an embedded controller can be used to control
board temperature sensors and provide valuable data for thermal management.

Four states are defined for devices, as shown in Figure 6.7 (d). In contrast
with the global power states, device power states are not visible to the user.
For instance, some devices can be in an inactive state, but the system appears
to be in working state. Furthermore, state transitions for different devices can
be controlled by completely different power management policies. The device
states are:

m DO. This state has the highest level of power consumption. The device is
fully active and it is expected to maintain all relevant context continuously.
State DO is obviously required for ACPI compliance.

m D1. Again the meaning of this device state is defined by each class of device.
Its definition is not required for ACPI compliance. A device in D1 is expected
to dissipate more power than a device in D2, but it preserves more context
(hence, wake-up is faster).

a D2. The detailed characteristics of state D2 are defined by each class of
device. D2 may not be defined (i.e., it is not required for ACPI compliance).
In general, D2 is expected to save more power and preserve less device con-
text than D1 or DO. If bus resources are in state D2, some of the devices
connected to the bus may lose some context.

m D3 (Off). Power has been fully removed from the device. The device context
is lost when this state is entered. Thus, the OS will re-initialize the device
when powering it back on. Since device context and power supply are lost,
devices in this state cannot receive any command. Devices in state D3 have
the longest restore times. The D3 state is defined for all classes of devices.

Example 6.1 An ezxample of a device with multiple power states is a disk
driver. We can define a minimum set of two states: off (D3) and fully on
(D0). In state D3, the disk is spun down and the disk controller interface is
turned off. In state DO the disk is spinning and data can be written or read to
it. ACPI supports the definition of a more complex device model, where two
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additional states (D2 and D1) are defined. In D2 the disk ts still spinning,
but the disk controller is powered down. In D1 the disk is spinning, the disk
controller is powered up, but the clock signal of the controller is gated. States D1
and D2 provide additional freedom in the choice of power management policies,
because they have lower power than DO and faster transition time than D3.

Finally, processor power states (Figure 6.7) are processor power consumption
states within the global working state G0. Notice the intrinsic asymmetry of
the ACPI model. The central role of the CPU is recognized, and the processor
is not treated as a simple resource. Hence, processor power states, shown in
Figure 6.7 (d), are distinct from device power states.

m State CO. In this state the processor is fully operational and executes in-
structions.

m State Cl. The processor is not executing instructions. The latency for
exiting from C1 and entering CO0 is required to be low enough that the OS
software does not consider the effect of latency when deciding whether to
use it.

m State 02. It offers improved power savings with respect to C1. The worst-
casc hardware latency for resuming execution is defined and it is provided to
the OS. The OS can decide to put the CPU in state C2 when the maximum
latency for resuming execution is tolerable. From the application or the OS
point of view no context is lost.

m State C3. Offers improved power savings with respect to C2. The worst-
case hardware latency for resuming execution is larger than that of C2, and
it is provided to the OS as well. While in C3, the CPU caches maintain
their content but ignore external snoop activity. The OS is responsible for
ensuring that the caches maintain coherency.

Figure 6.8 summarizes the power states and state transitions for an ACPI
platform. Sub-states within a global power state are shown beside their global
state. In general use, the computer alternates between working (GO) and sleep-
ing states (G1 and sub-states). In state GO the computer actually performs
some work. User application threads are active and running. Individual de-
vices that are not used can be in a low power (D1, D2, D3) state. Any device
in a low power state can be turned on without leaving the GO state. From the
user’s viewpoint, the entire machine is functional. Various working sub-states
differ in speed of computation, power consumed and heat produced. The choice
of a particular working sub-state is dictated by the need of minimizing power
(heat, noise) under performance constraints.
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When the entire system is idle or the user has pressed the power-off button,
the OS will drive the computer into one of the sleeping states (left side of
Figure 6.8). From the user’s viewpoint, no computation occurs. The sleeping
sub-states differ in which wake events can force a transition into a working
state, and how long the transition should take. If the only wake-up event of
interest is the activation of the user turn-on button and a latency of a few
minutes can be tolerated, the OS could save the entire system context into
non-volatile storage and transition the hardware into a soft-off state (G2, at
the bottom of Figure 6.8). In this state, power dissipation is almost null and
context is retained (in non-volatile memory) for an arbitrary period of time.

Mechanical off is entered in the case of power failure or mechanical discon-
nection of power supply. Complete OS boot is required to exit the mechanical
off state. Finally, the legacy state is entered in case the hardware does not
support OSPM.

6.3.2 Device power management

In the previous subsection we described the device power states (D0-D3) that
model the various modes of operation for power managed devices spanning the
trade-off between power consumption and latency required to resume normal
operation. We now summarize the mechanisms provided by the ACPI specifica-
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tion to support the communication between devices and OS (refer to [ACPI96]
for a complete description). To manage power for all devices in the system, the
OS needs standard methods for sending commands to a device. Device power
management specifications (introduced in Section 6.2) define the operations re-
quired to manage power of devices belonging to a particular class (e.g audio
devices, storage devices etc.). ACPI defines two flavors of device power manage-
ment specifications. First, bus devices have special specifications that provide
commands for controlling the bus circuitry itself, but also all devices connected
to the bus. Second, devices on the system board are directly controlled using
the basic ACPI specification.

Devices that are directly connected to the motherboard and bus devices are
managed directly using standard ACPI controls (to be described later). Devices
connected the bus are managed by sending ACPI messages to the bus device
driver that translate them to power management messages that comply with
the power management specification of the bus. Then the bus device driver
forwards the translated command to the destination resource. We focus here
on standard ACPI controls which can be divided in four basic types.

u [dentification of device power capabilitiecs. When the OS enumerates all de-
vices in the system (at boot time, or when requested by the user), it gets
information about the power management features supported by the devices.
Every device in the system responds to this control by returning a differen-
tiated definition block to the OS. The differentiated definition block contains
the following information. i) A description of the power resources (power
supplies and clock drivers) the device needs in cach supported power state.
For example, a device might need clock signal in DO state but no clock signal
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in the D2 state. i) A description of the power resources a device needs in
order to wake the system (or indication that the device does not support
wakeup). This information can be used by the OS to know when to expect
wakeup signals from a device. iii) The control method the OS can use to set
the power state of the device and to get and set resources.

Setting device power states. The set-power-state operation is used by the OS
to put a device into one of four power states. Whatever power state a device
is put into, the OS must be able to issue a new sct-power-state command
that can resume normal activity. In some cases the OS5 must turn on the
power supply of the device before it can sent the set-power-state command.
The time needed to restore the power supply is part of the latency for exiting
from the low-power state. The set-power-state can also be used to enable
features like wakeup (i.e., the device is authorized to wake up the system and
force an exit from global sleep state). When a device is about to transition
to a new power state, the OS first decides which power resources will be
used and which can be turned off. The OS also tracks all devices on a power
supply resource. If all devices on a source have been turned off, the OS can
decide to turn off that power supply.

Getting device power status. This operation is used by the OS to determine
the current power configuration, namely state and features, as well as the
status of any batteries supported by the device. The device can trigger
an interrupt to inform the OS of changes in power status. In response to
the interrupt, the OS uses this operation to fetch detailed information on
the events that caused the status transition. Such information is needed to
decide on the actions for dealing with the new operating conditions of the
device. For instance, a device can signal with an interrupt that its battery
is almost exhausted. In response to the interrupt the OS may need to get
the device power status in order to actuate a graceful shutdown.

Enabling device-controlled wakeup. The wakeup functiornality allows devices
to wake the system from a global sleeping state. Clearly, this functionality
cannot rely on the CPU because the CPU is not active in sleep states. When
transitioning into a sleep state, the OS enables wakeup for the devices that
are defined by the user’s application as sources of wakeup events. The OS
must also guarantee that any bridges between the wakeup devices and the
core chipset logic are in the lowest power states in which the can still transmit
the wakeup call. When the computer is in a sleep state and a wakeup device
decides to issue a wakeup, it signals to the ACPI-compliant core logic on
the chipset. The chip set will wakeup the machine. When the OS is up and
running, it will handle the wakeup event.
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Figure 6.10.  Block diagram of an ACPl-compliant modem

The CPU is a special component with specialized power states because it is the
hardware that runs the OS. Hence, special control methods are used to manage
the CPU state transitions. In particular, transitions to low-latency CPU sleep
states are based on observations of the percentage of time in which the OS runs
the idle process (i.e., the lowest priority process in the OS, which does nothing
useful). In the previous section we discussed the impact of application coding
style on the amount of idle time.

The two-way communication between ACPI and hardware devices, depicted
in Figure 6.9, is based on controls (for communication from ACPI to devices)
and on events (for communication from devices to ACPI). Events are asyn-
chronously generated by devices. They are processed following a standard
protocol based on two registers: the event status register and the event enable
register. When an event occurs, the core logic sets a bit in the status register
to indicate the event. If the corresponding bit in the enable register is set, the
core logic will assert an interrupt to signal the OS. The OS will then run the
interrupt handlers corresponding to the bits set in the event status registers.
These handlers are called control methods. Details on event handling can be
found in [ACPI96].

Example 6.2 We illustrate the main features of device power management
support in ACPI considering an integrated modem (this exzample is adapted
from [ACPI96]). The block diagram of the modem is shown in Figure 6.10.
The modem consists of three functional blocks: communication port for data
and control communication with the core PC logic, the modem controller and
the external receiver/transmitter connected to the telephone line. The power
states of the modem are:
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s DO0. Modem controller is on, as well as phone interface and communication
port. The device is fully functional, can be on or off hook and can be waiting
for answer.

m D1. The modem controller is in low power mode (context is retained). The
phone interface is powered by the phone line or in low power mode. The
speaker is off. The modem must be on hook.

w D2. This state (optional in ACPI) is equivalent to DI.

s D3 The modem controller is off (all context is lost). The phone interface
is powered by phone line or off. Speaker is off. The modem is on hook.

The power policy for the modem is defined as follows. In the transition from D3
to DO, the communication port is opened, while in the opposite transition it is
closed. When transitioning from D1 to D3 the COMM port is opened as well. The
transition from D0 to D1 puts the modem in answer mode, while the opposite
transition is performed when a user application requests diul or the phone rings
(an wakeup is enabled). The wakeup policy consist of sending a WAKE signal
when the phone rings and wakeup is enabled. The signal will wake the PC from
a sleep state.

Although ACPI merely specifies the power states, we briefly discuss how they
could be implemented in the device to save power. In state D0, both power source
POW1 and POW2 are connected. D1 requires only POW1 (POW2 is disconnected by
signal PW2-en. D0 does not require any power source. To wake the machine,

the modem does not need any power source (i.e it can wake the machine from
either DO, D1, D3).

6.3.3 Battery management

In the ACPI specification, batteries are seen as another hardware resource. An
ACPI-compatible battery needs to conform either to the Smart Battery subsys-
tem interface [smba97] or a control method battery (CMBatt) interface. Smart
batteries are controlled by the OS directly through an embedded controller.
Control method batteries have an interface which is completely specified by
methods written in AML. For the sake of illustration we describe the features
of the CMBatt interface.

The CMBatt is accessed by an AML interface that gives the hardware de-
signer the choice of any communication interface at the hardware level. The
AML code that handles the battery interface should generate events to no-
tify the OS of battery status changes. Events are generated when the battery
device is inserted and removed from the system. Moreover, CMBatt reports
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the designed capacity, the latest full-charged capacity and the current remain-
ing capacity. Remaining battery capacity decreases during usage and changes
depending on environmental conditions. CMBatt issues three special status
messages as the stored charge deceases. The messages are warning, low and
critical.

Warning and low messages are defined somewhat arbitrarily for the purpose
of giving the OS advanced notice when the battery is approaching discharge.
In contrast, critical is issued when the battery is fully discharged and cannot
supply any more power. When a critical message is issued the OS must react
quickly, because not enough charge is left to perform a normal shutdown pro-
cedure. Hence the OS performs emergency shutdown. The system cannot be
turned back on until the battery is replaced or recharged.

In principle, the information provided by the battery to the OS should be
sufficient to implement a battery gauge (i.e an algorithm that computes the
amount of charge left in the battery). Unfortunately, battery gauges are not
accurate and designers protect themselves against the risk of unwanted power
failure by down-rating the batteries. In other words the critical message is issued
when the battery is not actually fully discharged in order to guarantee with a
good degree of confidence that emergency OS shutdown can be accomplished.
OS-controlled battery management has the big advantage of being flexible and
easily re-programmable for different classes of batteries. ACPI provides full
support for OS-controlled battery management.

6.3.4 Thermal management

Another important feature of ACPI is the support for OS-controlled thermal
management [ACPI96]. ACPI moves the hardware cooling policies from the
firmware to the OS. This is a very powerful concept. Effective cooling decision
can be made based on application load on the CPU and instance dependent,
flexible thermal heuristics. Morcover, the OS has the capability to gracefully
shutdown the computer in case of high-temperature emergencies or to tem-
porarily decrease performance to allow cooling of hot spots.

The ACPI thermal management support is based on the concept of thermal
zones. A thermal zone is a portion of a physical board (or an entire board)
for which temperature is measured and reported to the OS (by dedicated tem-
perature events in the ACPI interface). In simple implementations, the entire
computer hardware belongs to the same thermal zone, but multiple thermal
zones may be defined in complex, high-performance platforms. Thermal man-
agement is based on cooling. ACPI supports active cooling and passive cooling.
Passive cooling is obtained by reducing the power consumption of hardware
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components in the thermal zone. Active cooling exploits cooling devices such
as fans.

The OS can define thermal policies based on a mix of active and passive
cooling. Active cooling increases power to reduce the heat within the system.
Passive cooling reduces power to decrease temperature. As a result, active
cooling allows maximum performance, but increases overall power dissipation
and equipment noise. On the contrary, passive cooling reduces performance but
also reduces power and does not create additional noise. In battery-powered
computers where battery lifetime is the primary concern, passive cooling is
generally preferred, while active cooling is usually a good choice for desktop
systems.

There are cases in which these general guidelines can be invalid. For exam-
ple, when a desktop computer must adhere to strict environmental noise rules,
active cooling may not be acceptable. ACPI offers a considerable flexibility in
implementing thermal management policy. The user may select the best mix
of active and passive cooling according to his/her needs. Alternatively the OS
may automatically select the best cooling method based on workload conditions
and information provided by active applications.

While active cooling requires additional devices, passive cooling is based
on the basic power management capability offered by ACPIL. Devices can be
shut down more frequently and aggressively (at the price of latency increase)
when temperature is too high. Alternatively, the system may be slowed down
by decreasing clock speed. This technique is often applied to CPUs which
typically have extremely high nominal clock speed and tend to become hot
spots. The effectiveness of thermal management can be improved by defining
multiple thermal zones, and by implementing localized policies.

Example 6.3 Figure 6.11 shows an example of a PC board with two thermal
zones. Each zone has independent temperature sensors (S1 and S2), and differ-
ent thermal management policies. The zones are enclosed by the dashed bozes.
Two zones have been defined because the topmost thermal zone is clocked at
a very high frequency and tends to generate much more heat than the lower
thermal zone. Hence, the thermal management policies are different.

For the topmost thermal zone, a miz of active and passive cooling is used.
The policy defines two threshold temperatures, Ty = 50°C and Ty = 70°C.
When the measured temperature reaches Ty, passive cooling is started: the CPU
clock is slowed down by a factor of two. If critical temperature T\ is reached,
the fan is activated, and the zone is actively as well as passively cooled. The
policy targets low noise requirements and activates the fan only when absolutely
necessary for maintaining system integrity.

The bottom zome is less critical since it is clocked at a much lower clock
speed. However, if external environmental conditions are particularly hostile
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Figure 6.11.  Thermal zones in a PC board

and the zone reaches the temperature of 60°C, the fan is activated. Notice that
clock slowdown is not possible for the components of this bottom zone.

6.4 MODELING POWER MANAGEMENT

Both ACPI and OnNow specifically target general-purpose computers ranging
from portable PCs to servers. OnNow is an initiative proposed by a single
software company that, despite its quasi-monopolistic status in the area of op-
erating systems for personal computers, has only a partial view of the complex
market of portable electronic appliances. ACPI is more general in scope than
OnNow since it does not depend on any specific OS implementation and it is
not bound to any proprietary hardware model. Nevertheless, ACPI shares with
OnNow the assumption of an OS-centric architecture, where the activities of
the system are managed by a software process (the OS) that runs on a central
processing unit.

Moreover, ACPI was developed to support the implementation of power-
managed computer systems and is too detailed to cffectively support design
ezxploration. In the early phases of the design of a new architecture, the system
designer needs to experiment with alternative configurations and choices. In
many cases key system components (such as interface logic) have not yet been
designed and even off-the-shelf devices have not been specified (or are not yet
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commercially available). Power management adds a new dimension to design
complexity. Even at the first stages of architectural definition, it is highly
desirable to be able to assess the impact of power management policies.

In the case of personal computers, new products have often been derived
in an evolutionary fashion from older products. As faster and more power
efficient commodity components (such as microprocessors, memories, commu-
nication devices) become available, older designs are incrementally modified to
incorporate the new components and achieve better performance (or reduced
power dissipation). If a new design is a straightforward evolution of an old
product, it might be possible to extrapolate the power dissipation of the new
system from the old implementation, or from early prototypes of the new im-
plementation. Unfortunately this approach is not feasible when a radically new
architecture is designed.

We introduce a modeling approach that is aimed at providing support for
system-level architectural exploration of power-managed systems. The key fea-
tures of our model are:

m Generality. Any power-managed electronic appliance (not only computer
systems) can be modeled. Cellular phones, pagers, digital cameras are few
examples of portable appliances for which power is a major concern.

m High level of abstraction. The choice of abstraction level is probably the
most important decision in system-level power modeling. In order to man-
age complexity, irrelevant (or marginally relevant) information should be
abstracted. We take an aggressive approach. Only functionality relevant to
the power behavior is modeled. Resources are described by abstract power
and performance models.

m Non-determinism, The uncertainty on estimation caused by the abstraction
process (and the consequent information loss) is mapped to the inherent
uncertainty in the estimation of the expected value of random variables.
The power and performance estimates provided by our model are indeed
random variables. They are not described by simple deterministic values,
but by expected values and confidence intervals. Estimation involves some
form of statistical sampling of random variables that is required to compute
expectations and confidence intervals.

In the next subsections we describe the components of our model and we provide
insights on how the model can be used to provide early power and performance
estimates for power managed systems.
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6.4.1 Madel definition

In our model, a system is defined by a set of components and a communication
pattern between components. Communication is modeled by abstract events
that are transmitted from a source component to one or more destination com-
ponents. System components belong to one of the following three types.

m (Central control. There is only one component of this type. It represents
the abstract entity that controls power management. For example, if we are
modeling an OnNow PC, it represents the OS module that implements the
power management policies. Central control receives and sends events to all
other components in the systems. From the communication point of view,
the central control is the center of a star communication pattern.

m  Service provider. There are generally multiple service providers in a systems.
They abstractly represent the hardware system components that implement
functionality (and dissipate power), ¢.g, a modem control unit, a video dis-
play controller, a disk driver unit. Service providers belong to classes that
represent the type of service. Example of classes are: storage device class
and video device class.

m  Workload source. There are generally many instances of workload sources
in a system. They are generators of requests to a particular class of ser-
vice providers. Sources abstractly represent the system workload that is
generated by external users.

The details of the structure and behavior of components will be described
later. System components communicate through abstract events (also called
messages. There are four types of events.

m Work requests (WR). These events are generated by workload sources and
are directed to the central control. The central control will forward them
to service providers according to the type of work request and to a work
dispatch policy.

m Work orders (WO). These events are generated by central control and are
directed to service providers. Work orders are always associated with work
requests.

m  Power commands (PC). These events are generated by central control and
directed to resource providers. They are used to control changes of power
states in the devices.

m  Completion notifications (CN). These events are generated by service providers
and are directed to the central control. They are issued in response to work
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Figure 6.12.  The structure of a generic system.

orders and power commands, to inform the central control of the completion
of the required task.

Each event instance is marked by a unique identifier. There are causal rela-
tionships between events. WOs are generated in response to WRs. CNs are
generated in response to PCs or WOs. Hence, each WO contains the identifier
of the WR that has generated it and each CN is marked with either the PC or
the WO that generated it. Events are the only form of communication between
components. Functional information is abstracted away.

The structure of a system with three service providers and two workload
sources is shown in Figure 6.12. The communication pattern between system
components is a star. The central control is the center of the star. There is no
direct communication among service providers and workload sources.

6.4.2 Power states and transitions

Each service provider class is associated with a set of power states and state
transitions. Transitions are triggered by events (dispatched by the central con-
trol). Each state is characterized by a power consumption value. The state
structure is similar to that of ACPI. However, the abstraction of the model
is much higher, and no details are specified about the functional behavior of
service providers in each power state. Morecover, the power consumption in
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Figure 6.13. A work order issued to a service provider in sleep state

each state can be defined as a random variable of known distribution to model
the uncertainty on the estimate of the power consumption due to the high
abstraction level and the lack of functional information.

Similarly to the ACPI specification, for cach service provider there is only
one state, called ON, in which full functionality is provided. There can be
an arbitrary number N, of sleep states S = {S;,7i = 1,2,..., Ng}. In these
states service providers are not operational (i.e., they cannot absorb workload).
Power dissipation is highest in the ON state and lower in S states. Each S; € S
represents a sleep mode of the hardware device modeled by the service provider.

When a PC or a WO event is issued by the power manager to a service
provider, the provider reacts by initiating a state transition. For example, if a
WO is received and the provider is in a sleep state .S;, a wake-up transition to-
wards state ON is initiated. State transitions take a non-deterministic amount
of time. In other words, once a transition is initiated, the provider does not
change its state instantaneously, but it waits a for some time before moving to
the destination state. The wait time is a random variable of known distribution.
This condition is called transient. Each transient condition is characterized by
a power consumption (which is a random variable with known distribution).

Transient conditions model the two-fold overhead incurred in turning on
and off hardware devices. First, device performance is decreased (this is mod-
eled by the non-deterministic transition time). Second, transitioning to a new
state costs additional power (to save/restore context and perform various shut-
down/wakeup activitics). The uncertainty on the detailed behavior of the ser-
vice provider caused by the abstraction and lack of functional information are
modeled by non-deterministic transition times and power.

Example 6.4 Consider a service provider with two power states, as shown in
Figqure 6.13. Assume that the service provider is in a sleep state S when a work
order event is sent to by the central conirol. Before being able to service the
request, the provider must transition to state ON. The transition takes a non-
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deterministic amount of time Tyran with known distribution. For instance, the
transition time has ezponential distribution with average value 2sec. The power
dissipation during the transition time is a random variable as well (for instance
a uniformly distributed random variable with value between 0.5W and 2W).
Once in the ON state, service time is random variable T, (with exponential
distribution). The total time for servicing the WO is Tipan + Tsery .

Notice that transitions between some power states may be forbidden. For
example, it may be impossible to transition from S; to S; without going through
ON. Forbidden transitions model features of the hardware device represented
by the service provider.

6.4.3 System behavior

The state of the system changes over time, as workload sources generate WR
events. Central control receives the WRs and manages the usage of service
providers. Central control has two main tasks.

s Dispatch of WO events according to the arrival distribution of work requests.
The decision procedure used by central control to decide when to dispatch
WO events is called dispatch policy.

m Power management of the service providers by issuing PC events. The de-
cision procedure used by central control to shut down and turn on service
providers is called power policy.

In many cases power policy and dispatch policy interact, or are formulated as
a single procedure that takes care of both dispatch and power management.
Such merged procedure is simply called policy.

The central control must minimize power through power management and
ensure that tasks are executed correctly and within the specified constraints
on performance (to be discussed later). The power dissipation of the system is
controlled by selectively shutting down resources when they are not servicing
requests. Central control has the same role as the operating system in the
ACPI specification. Notice that in the case central control is a software process
running on some hardware resource (e.g., the OS running on the CPU), the
power management policy of central control must activate the service provider
that represents the hardware resource whenever a new WR is received. This
procedure models the wakeup functionality specified by ACPIL.

Service providers respond to WO and PC events sent by central control
by initiating transitions to serwvice the event. When one service is completed,
the service provides sends a CN event to central control. The CN event is
labeled with the unique identifier of the WO (or PC) it correspond to. A
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PC is considered to be serviced when the service provider has reached the
destination power state requested by the PC. A WO is considered as serviced a
non-deterministic (with known distribution) amount of time (called work time)
after the service provider has reached the ON state.

The amount of time it takes to service a WO depends on two factors: the
transition time required to reach the ON state and the work time once the
provider has reached ON. Because of the delays in servicing WO events, it may
be the case that multiple service requests overlap. While the first request is still
being serviced, a second WO (or multiple WO events) may arrive. Collision of
multiple requests is flagged and monitored, but no requests are lost, i.e., every
WO is sooner or later acknowledged by a CN. Given a workload distribution,
the power consumption and the performance of the system depend on the policy
adopted by central control.

6.4.3.1 Power dissipation model. At any given time, the power dissipa-
tion of the system is computed as the sum of the power of components that
are stable in either ON or any S; state and the power for components that are
transitioning between power states. Over time, system power dissipation is a
piecewise constant waveform P(t). The discontinuity points in the waveform
correspond to changes of state for the service providers. We may be interested
in the average value of power P, (T) over a time interval T', or in the marimum
value of power P, (T) in the same period.

Another relevant metric is the cumulative enerqy consumption over a time
interval T, Frot (T). It is defined as the area below the power dissipation wave-
form, and can be computed by multiplying the power value of each constant
interval by the duration of the interval and by summing over all intervals. We
are interested in this quantity, because for battery-operated systems there is a
tight constraint on the total energy that can be provided by the battery. Notice
that instantaneous power, average power, maximum power and cumulative en-
ergy consumption are stochastic variables that depend on the system workload
and the policies chosen by central control.

Example 6.5 The power dissipation P(t) of a system as a function of time
is shown in Figure 6.14. The time-domain power waveform for the model is
piecewise constant. Changes in power states for service providers in the system
correspond to discontinuities in the waveform. It is important to notice that
the waveform in Figure 6.1 is merely one sample of a stochastic process. In
other words, both the power values P; and the transition times t; are random
variables. The uncertainty on P; and t; is represented in Figure 6.14 by the
shaded areas around the expected values.
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Figure 6.14. A power waveform P(t) for a power-managed system

6.4.3.2 Performance model. The purpose of the performance metric is
to model and measure the effects of power management on system performance.
In other words, we want to estimate how power management changes the over-
all performance with respect to the same system with no power management
capability. Relevant performance-related metrics include:

m Incremental collision probability. How the wake up delays of power managed
service providers change the probability of having two or more unserviced
requests waiting on a provider

m Incremental average latency penalty. How much more (on average) an in-
coming request needs to wait before being serviced because of the slowdown
due to power management.

® Incremental throughput penalty. How much the average throughput (i.e.,
serviced requests per unit time) is changed by the presence of power man-
agement

m Average time spent in a given power state transition by a given service
provider.

All of these quantities are stochastic variables that depend on the policies cho-
sen by central control. Notice also that we are interested mainly in incre-
mental metrics, i.e., differences between the baseline implementation where
all providers are always ON and power-managed implementations where cen-
tral controls tries to reduce power dissipation by selectively shutting down
unused resources. This is an important modeling choice. To obtain meaningful
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estimates of the performance impact of power management, the baseline im-
plementation without power management should provide a sufficient level of
performance to manage the workload.

Example 6.6 Consider a service provider with two sleep states, S1 and S;.
The average time to exit from S is 50msec and the power in Sy is 1W. The
average time to exit from Sy is 500msec and the power in Sy in 500mW. We
use as a performance metric the average latency penalty of incoming request.
Assume that the service provider is operating under light load, hence it requests
arrive almost always when the provider is idle. A power management policy
that does not take performance into account would always put the resource in
state S as soon as it becomes idle. If performance is a concern, however, this
might not be the best choice, because it causes an increase of 10X in average
latency with respect to the policy that always puts the idle resource in sleep state

Sy.

6.4.4 Stochastic simulation

The system model described in the previous sections can be simulated within
an event-driven simulator. Workload sources generate events that causc other
events to be generated in the system. Simulation proceeds over time. The user
can specify an observation interval after which the simulation will be stopped
and the power and performance metrics will be reported.

The event-driven paradigm and the high level of abstraction are essential
features for achieving sufficient simulation speed. In the abstract simulation
environment, functionality is modeled by randomization of transition and ser-
vice times. Only power-relevant events are generated, which are an extremely
small fraction of the total number of functional events (data communications,
computations, etc.) in a complex system. Moreover, service providers can re-
spond to requests with widely-varying delays. For instance, a disk driver model
in sleep mode may need to spin up the disk in order to service a data request.
This could take seconds. In contrast, a CPU in sleep mode may require a few
milliseconds to re-activate (i.c., the time to activate the PLL). As a result,
events are generated with typical delays that may differ by several orders of
magnitude. Because the performance of event-driven simulation depends on
the number of events and not on the time intervals between them, event-driven
simulation is highly recommended for systems where delays can vary widely
and the number of events is relatively small.

There are two critical issues in the modeling approach. First, power and
performance are, without cxception, stochastic variables. Performing a sin-
gle simulation provides one sample of a stochastic process. In order to obtain
meaningful estimates, average values and confidence levels should be computed.
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This requires multiple simulation runs (under the same workload conditions)
until some statistical convergence test on the metrics of interest has been sat-
isfied with a user-specified confidence level. Monte Carlo techniques similar
to those introduced in Chapter 1 may be used. We call stochastic simulation
the iterative simulation process driven by statistical convergence criteria on the
cost metrics.

The second key issue is workload modeling. The communication pattern in
our model is highly simplified. We assume that requests for service providers
come only from the external workload sources. In reality, system components
may generate requests for other components with very complex patterns. In
our model, these effects must be accounted by modifying workload sources. For
instance, consider a disk write request coming from a remote machine to a file
server. The request comes first through the network interface, then is processed
by the CPU and finally is forwarded to the disk driver interface for storage.
In real system, the “propagation” of the request among system components is
performed by the component themselves. In our model this effect should be
modeled by generating sets of WR, events one for each component involved in
servicing the request.

Workloads can be modeled by collecting traces from functional simulations
(or from monitoring system activity on real hardware). Alternatively, proba-
bility distributions of the arrival times of the requests can be provided. Notice
that both methods imply some loss of accuracy with respect to an integrated
approach where functionality is simulated in lock-step with power management.
This is due to the fact that there may be some form of feedback between genera-
tion of requests and services. This cannot be modeled by stochastic simulation.
To conclude the section we provide an example description of a simple system.

Example 6.7 Consider the system shown in Figure 6.15, representing a very
abstract view of a network file server. The system consists of three service
providers: NINT, CPMEM and DISK. The network interface NINT has two power
states: ONNINT gnd SNINT - Ayerage power in ON state is PYINT = 1.5W,
while Pé\iINT = 0.1W (both have Gaussian distribution). The time for transi-
tion S1 = ON has exponential distribution with average value 15ms. The time
for ON — S| has exponential distribution with average value 2ms. The power
costs for transitions have Gaussian distribution with average values 1.6W and
1.2W. Service time for a request is deterministic, and is equal to 20ms.

The second service provider CPMEM models the CPU and memory system.
It has two power states ONCFV and SCPV. The power state and transition
times of CPMEM are shown in Figure 6.15. The third service provider (DISK)
models the disk and its driver. It has three power states: ON, S; and Sy. An
interesting feature of this provider is that the transition time between S and
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Stochastic simulation model
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any other state has an average delay 2sec, with narrow Goussian distribution.
The long delay models the time required do spin up the disk.

In this system, whenever a network request comes in, the network interface
processes the incoming packets and forwards them to the CPU. The CPU has
a disk cache in main memory. If the requested file is found in disk cache, the
disk is not accessed, otherwise the disk is accessed and the data is returned to
the CPU which then forwards it to the network interface. The cache has an
average hit rate of 70%. This activity pattern can be modeled by the following
workload. Work requests come in clusters: a WR for NINT always comes with a
WR for CPMEM. A WR for the disk is generated only 30% of the times the other
request arrive. Moreover there is a constraint on the power management policy.
CPMEM cannot be put in sleep state if DISK is ON. This constraint models the
fact that CPU must be active to manage the disk controller while servicing a
file access request. Performance is modeled by the average number of requests
pending on the DISK service provider (which is the system bottleneck).

This model can then be used to evaluate: i) the impact of power management
policies on performance and power i) the sensitivity of a power management
policy to variations in workload, iii) the sensitivity of performance and power to
variations in parameters in service providers (for example, disk spin up time).

The simulation model presented in this section targets early estimation of
power and performance implication of power management policies at the sys-
tem level. Very large and complex systems can be modeled and simulated with
high efficiency thanks to the event-driven paradigm and the high abstraction
level. The uncertainties due to the abstractness of the approach are modeled
by randomization. Several stochastic variables are introduced in the model.
As a result, the cost metrics of interest are stochastic variables as well. Esti-
mation of average values and confidence intervals for the cost metrics requires
repeated simulation runs. The complexity of internal interactions between sys-
tem components is modeled (with some loss in accuracy) in the formulation of
the workload.

6.5 THE POLICY OPTIMIZATION PROBLEM

Although it is obvious that power management policies have great impact on
power and performance, assessing the impact in a quantitative fashion is still
an open problem. The modeling approach presented in the previous section
may shed some light on the problem. Given a system model, a workload and a
policy, stochastic simulation can rapidly estimate the power and performance
of the system. This process can be iterated for several policies and the results
can be used to select among alternatives.
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The policy optimization problem consists of finding an optimal power man-
agement policy for a system given a workload and performance constraints. The
critical issue in policy optimization is defining the scarch space. In its most gen-
eral formulation, a power policy can be any algorithm. The only practical way
to explore such a huge search space is through human guidance. The designer
specifies a policy and uses estimation tools to assess the validity of his/her
choices. Stochastic simulation, prototyping, back-of-the-envelope calculations
may be viable estimation approaches. The advantage of these techniques is that
they can provide estimates before the final (or even functional) implementation
is available at the expense of accuracy.

An alternative approach is to design systems where the power management
strategy is reconfigurable (re-programmable) during system operation, and pro-
vide sufficient degree of programmability of the system to enable the specifi-
cation of optimal policies. Unfortunately, flexibility is expensive in terms of
hardware resources and performance. A compromise solution is to design sys-
tems with limited, low-overhead programmability in which optimal policies can
be implemented for a wide range of workloads.

Several empirical studies have been performed to assess the quality of power
management policies [gold95, doug95]. The purpose of these studies is to pro-
vide designers with general guidelines for choosing among families of policies.
This is valuable information because it allows the designer to focus his/her at-
tention on promising regions of the search space, or alternatively to implement
reconfigurable solutions with low overhead. In the next subsection we briefly
review the results of a detailed study of power management policies for hard
disks [gold95]. Although power management of hard disks is only one facet of
global system-level power management, this problem has received considerably
more attention than any other. We believe that similar analyses should be per-
formed for other sub-systems. The methodology employed in [gold95] provides
valuable insights on experimental setup, classification criteria and presentation
of results.

6.5.1 Disk power management

Golding and coauthors [gold95] tackle the general problem of finding the best
way to exploit idle periods during the operation of a hard disk. When power is
the primary concern, the best way to exploit idleness is to shut down the unused
device. Shutting down a disk is a relatively easy task, but unfortunately turning
it on is much more expensive in time and power. When turning on a disk driver,
the motor that spins the disk must overcome the inertia of the disk itself. This is
time-consuming task. The authors of [gold95] used in their experiments a disk
with the following characteristics: i) power consumption when ON: 1.5-1.7W,

215



POWER MANAGEMENT FOR SYSTEMS 207

. Start time error
Activity
— —

Tmin

Tpred

II_FK

Tstart

Figure 6.16.  Idleness prediction

ii) time to spin down the disk: = 0, iii) power consumption when in sleep (disk
spun down): =~ 0, iv) time to spin up (i.e., transition ON — S): 1.5sec, v)
power consumption when spinning up: 2.2W. Notice that the disk model used
by [gold95] is fully compatible with the resource provider model presented in
the Section 6.4. The main feature of the model is that it is convenient to spin
down the disk as long as it remains in sleep state for a period of time longer
than 2.2sec. This value is a threshold T,uin. The disk should be left on when
the idleness period is shorter than Tmin.

A power management policy that spins down the disk when it is idle can be
successful only if it can predict with sufficient accuracy the start time and the
duration of the idle interval. Referring to Figure 6.16, the policy predicts an
idleness start time T4, Which follows the actual termination of activity. The
difference between Tsiq.+ and the time of termination of activity should be as
small as possible. Moreover, if the predicted duration Tppeq is longer than Tyip
but the actual duration of the idle interval is shorter than Tp,;y, the disk will
be spun down but it will need to be spun up before the break-even point for
power consumption has been reached. We call this situation a misprediction
and the power cost associated with it misprediction penalty. Figure 6.16 shows
a case when a misprediction will occur. A succesful power management policy
minimizes both start time error and frequency of mispredictions.

The key component of a power management policy for a disk drive is a predic-
tor that monitors its environment and issues predictions as couples [Tstart, Tpred),
where Tyiare is the expected start time of an idle period and Tpyeq is the ex-
pected length of the idle period. The structure of a generic idleness detector
that implements a power management policy is shown in Figure 6.17. Gold-
ing et al. [gold95] introduce two components besides the predictor, namely the
skeptic and the actuator.

The skeptic observes one or more predictions and generates new ones. Skep-
tics are mainly used to filter out bad predictions or to combine several predic-
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Figure 6.17.  Components of an idleness detector

tors and produce a single improved prediction. The main use of skeptics is to
compute a single stream of predictions by performing the weighted average of
many alternative predictors. In [gold95] only single-stream skeptics were used
(i.e skeptics that observe a single predictor, as shown in Figure 6.17). The actu-
ator’s only purpose is to translate prediction into commands for the controlled
resource.

Golding and coauthors also formulated two cost metrics to evaluate the effect
of power management policies. The power saved and the performance penalty
represented by the number of disk operations that had to be delayed because
the disk was not ready when the operation was issued and had to be spun
up. Comparison between policies was based on power savings and performance
penalties on a number of different workloads. Workloads were disk usage traces
obtained by monitoring several computer systems.

All idleness detectors compared in [gold95] have a trivial Tpreq computation
procedure. The expected length of the idle period was assumed to be constant
Tprea = 10sec. The value was chosen because it is large enough to guarantee
sizable power savings in case of correct prediction (remember that the break-
even point for the disk under consideration was 2sec).

Since no prediction effort was made in estimating Ty,.q4, all power savings
came from the start time prediction algorithm. Good Ty¢,r¢ predictors showed
an adaptive behavior: they adapted the detection policy to produce a Tsiqare
only if it was likely that the duration of the idle period would be longer than
Tprea = 10sec. Interestingly enough, none of the Ty, prediction policies tried
to anticipate future idleness. In other words, new pairs [Tsiare, Tpreq) Were
generated only after an idle period had effectively begun.

Among the eight Ty, prediction policies tested by the authors of [gold95],
two did the best on the available workloads. Interestingly enough, several
plausible policies performed badly on several workloads, revealing worrisome
pitfalls in heuristic policy design. Quality of results was measured evaluating
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the power saving achieved for a given performance degradation. The two best
policies were:

m A constant timer-based policy. If the disk has been idle for Ti;mer, it is
assumed that a long idle period has started (i.e longer than Tp..q4 = 10sec),
and the shutdown command is issued.

® An adaptive timer-based policy. The algorithm starts with an initial Tiimer
value as for the previous policy. If the start time predictor does not produce
a Tytar for an idle period longer than Tpr.q = 10sec (i.e., the disk is not
stopped when it should have been), the timeout Ty, is decreased geomet-
rically. If a Tstqar¢ is produced for an idle period shorter than T},.q = 10sec
(i.e., the disk is stopped when it should not have been), the timeout Tyimer
is increased arithmetically.

Besides giving indications as to the best policies for power minimization under
performance constraints, the authors of [gold95] also performed a detailed study
of the sensitivity of policies to tuning parameters (for example the value of
Ttimer for the fixed-timer-based policy, or the rate of increase and decrease of
the adaptive-timer-based policy). The effect of several classes of skeptics on
the quality of the results was also investigated. One important conclusion of
Golding et al. is that adaptive policies performed better than fixed policies.
The increased flexibility that stems from adaptation improves the average power
savings over widely varying workloads.

Although the work by Golding and coauthors presents a, solid experimental
methodology and a number of interesting conclusions, it does not provide any
indication on how to search for optimal policies. Even the large number of
alternatives considered by the authors is merely a minuscule sample of the
possible policies. Moreover, the policies studied in [gold95] depend on several
parameters. No indications are provided on how to choose optimal values of
the parameters (if not by trial-and-error).

In summary, experimental studies have shown that a careful choice of power
management policy may have a sizable impact on power consumption. Thus
the policy optimization problem is of great practical interest. Unfortunately, no
directions have been provided on how to select optimal policies or how to tune
parameters in a given policy. Hence, the policy optimization problem is still
open. We believe that policy optimization is a new and very promising area
of research. Industrial standardization efforts such as ACPI have provided the
support for the implementation of large and complex power managed system.
Simulation models based on the concepts presented in Section 6.4 may be of
great help in early estimation of the impact of new policies. What is missing
is an optimization strategy for helping the system engineer focus on promising
policies and to optimally tune the best candidates.
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6.6 CONCLUSION

In this chapter we studied power management from a system perspective. We
moved from the observation that all power management techniques presented
in the previous chapters fail to address the formidable complexity of large
electronic systems. Nevertheless, power management has been recognized by
the industrial world as a key technique to reduce system power consumption.
Standardization initiatives have been proposed by market-leading companies to
help designers rapidly implement effective power management schemes at the
system level. In the area of computer systems, the new paradigm of OS-based
power management is emerging. The global control function of the OS makes
it ideally suited to make decisions on how and when to shut down the system
or some of its components, trying to minimize power without compromising
performance or functional correctness.

In a more general sctting, the abstract concept of a power management policy
has been introduced. A power management policy is an algorithm that selec-
tively shuts down idle resources based on the observation of present and past
workload and operating conditions. We have described a system-level stochastic
simulation approach for estimating the impact on the power and performance of
a policy. Stochastic simulation leverages an event-driven simulation engine and
aggressive functional abstraction to achieve high cfficiency. The uncertainty
introduced by the high abstraction level in the system description is modeled
by non-determinism.

Industry-promoted standards have created the implementation framework
for power management policies, and stochastic simulation provides rapid eval-
uation of power management policy choices. Policy optimization is the final
challenge. Power management policies are currently based on simple heuristics
and designer intuition. Recent investigations have shown that “reasonable”
policies may produce widely-varying results. Hence, there is a strong need for
a rigorous approach to policy optimization. While we conjecture that algorith-
mic design of policies will remain based on human intuition and ingenuity, we
believe that policy tuning and search of optimal algorithms in a restricted do-
main can be at least partially automated. The formulation of a rigorous theory
and optimization techniques for power management policies is an exciting area
for future research.
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7 CONCLUSION

The tmportant thing is not to stop questioning.
—Albert Einstein
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7.1 SUMMARY

From the beginning of the electronic age, designers have been used to think
of performance as the primary goal. For more than thirty years, performance
optimization has been extensively studied at all abstraction levels. Technology
innovation has been driven by the need for faster processors, faster memory,
faster communication. The performance-centric perspective that has ruled the
world of electronics is slowly giving the way to a dualistic view, where perfor-
mance and power dissipation have similar relevance and often require antithet-
ical choices.

Power dissipation has become a major concern because of the ever-increasing
density of solid-state electronic devices, coupled with a paradigm shift toward
portable communication and mobile computing. As this trend continues, power
becomes a critical cost metric for increasingly large classes of digital systems.
Designers and researchers have responded to the new challenge by develop-
ing numerous technological innovations and optimization techniques to reduce
power. One of the most successful approaches to power minimization is dy-
namic power management.

Dynamic power management is a technique that spans multiple level of ab-
straction (from the logic level to the system level). We first introduced the
fundamental idea that motivates all power management techniques, namely
idleness exploitation. We defined two types of idleness. External idleness is a
condition of unobservability. The output of a component is not observed by its
environment, or, equivalently the unit is not involved in the computation per-
formed by the system. Internal idleness is a condition for which the input of a
component can change and the output are observable, but they do not change.
Both internal and external idleness depend on the operating conditions. A
unit that is always internally or externally idle, is completely redundant and
can be eliminated. Clearly, in well-designed circuits no unit is completely re-
dundant, but many are unused for a large fraction of the operation time. A
power-managed unit is designed to dissipate minimum power when it is idle.

In Chapter 3 we described several basic techniques for designing units that
support power management. From an abstract point of view, power-managed
units operate in several different states. Transitioning from one state to another
should be as fast and as power-cfficient as possible. Power management cir-
cuitry must provide effective support to power state changes. Ideally, it should
be possible to transition to a fully active state to a zero-power sleep state in-
stantaneously and without power penalty, as soon as the unit becomes idle.
Unfortunately, implementing a power-managed resources may incur a sizable
overhead. First, the power-management circuitry is functionally redundant and
dissipates power, occupies area and may limit speed. Moreover, transitioning
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from fully-functional to sleep state may require to save the resource’s state.
This takes time and power. Additional penalty is paid for restoring the saved
state when the resource goes back to fully active.

Some of the schemes illustrated in Chapter 3 have relatively low overhead.
In particular, clock gating has several desirable features. First, transitions from
active (clock enabled) to sleep (clock stopped) state are extremely fast, since
they are completed in a single clock cycle. Second, internal state is preserved
(assuming a static CMOS implementation). Finally, the interface circuitry
needed to control clock gating in very compact. On the other hand, clock
gating is particularly suited for digital, static and synchronous CMOS. Units
implemented in different technologies may not be as suited for this power man-
agement scheme. Moreover, clock gating does not completely eliminate power
dissipation, and more aggressive shutdown schemes (such as power supply shut-
down) can be exploited for units that are idle for long time intervals.

In general, there is a tradeoff between how much power dissipation is reduced
in the sleep state and how long it takes to resume activity when exiting the
sleep state. Mainly for this reasons, multiple sleep states can be implemented.
Depending on the usage pattern, the power-managed unit can be put in different
sleep states, in an attempt to minimize power without degrading too much the
responsiveness of the resource to wake-up events.

Chapter 4 and Chapter 5 deal with the problem of designing power-managed
units. The techniques presented in these chapters are based on the simple
concepts introduced in Chapter 3, but they attempt to automate the task of
idleness detection and the construction of power management circuitry. In
Chapter 4 medium-scale control circuits are targeted, while the approaches
presented in Chapter 5 are applicable to large circuits of general nature.

Although the automatic optimization techniques presented in Chapter 5 can
be successfully applied to large sub-units in chip-level designs, the scope of
dynamic power management is much wider. Chapter 6 deals with power man-
agement at the system level. In this area, only preliminary research results
have been reported. Interestingly, the main thrust in system-level power man-
agement does not come from academia but from industry: standardization ini-
tiatives are being actively supported by industry leaders in both hardware and
software for personal computers (e.g., portables, desktops, servers). This effort
shows that dynamic power management is being recognized as a value-added
technology for current and future personal computers.

With the adoption of the ACPI standard by the major players in the PC
arena, an explosive expansion of the market for power-manageable devices has
to be expected in the near future. Hence, the design and synthesis techniques
presented in Chapters 3-5 will become strategic for rapidly and effectively de-
signing the new generation of low-power chips.
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7.2 PROSPECTS

Design for low power consumption is still a young discipline. In the last few
years, an impressive amount of research results has been reported and many
contrasting claims on the impact and potentials of power optimization tech-
niques have been made. It is difficult for circuit designers and system architects
to select the most effective techniques and to adapt them to the severe require-
ments of industry practice. The industry-promoted effort. to support dynamic
power management seems to prove that this technique has the features that
make it viable and attractive for a wide range of applications. Although ex-
tensive research on power management has been carried out in the recent past,
none of the available results are applicable to large systems.

System-level power management is the new frontier of research and devel-
opment. While in the past the main effort has been to reduce the power dis-
sipation of hardware, recent developments clearly indicate a new viewpoint.
Low-power systems still need hardware support (through power-manageable
components), but can be controlled by software. Hardware resources should be
able to provide uncompromised peak performance when needed, and reduced
power consumption when idle or partially used. New and unexplored degrees
of freedom become available when dynamic power management is supported at
the system level. Software-controlled power management is a completely new
research arca that holds great promise.
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