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Abstract

The design of power-efficient systems has been a main
concern for industrial designers and has been the focus of
many academic and industrial labs. Power consumption
has a significant impact on various aspects of the system
such as power grid design, packaging and cooling, battery
lifetime and system reliability. First, we will provide an
overview of the metrics and tools used for power estima-
tion. The second part of this proposal shows the need for
a holistic power optimization approach that spans from cir-
cuit to software design issues. We illustrate this showing
power optimizations applied to the memory system.

Index Terms: low power design, estimation tools, memory
system, leakage power.

1 Introduction

The design of computing systems needs to consider var-
ious factors such as performance, cost, power dissipation
and reliability. Among these power dissipation is consid-
ered as the biggest stumbling block in designing the next
generation systems. Power problems are a significant is-
sue ranging from small sensors to large compute servers.
However, the underlying reasons for their importance are
different.

In small embedded and mobile systems, the limited bat-
tery capacity is a main concern. The battery technology
improvements have not matched to the increasing power re-
guirements of the computing resources. Current lithium-
ion batteries provide only 100W-hr per pound compared
to around 10W-hr/Ib capacities in the 1960's. In contrast,
the power consumption numbers of the processors have in-
creased from much less than a watt in 1970s to around
100Watts in current microprocessors. Consequently, bat-
tery technology has been a bottleneck making the battery
pack a dominant part of the system weight and influencing
the duration required between battery recharges.

Power dissipation has become an important issue in
desktop systems and server environments for a variety of
other reasons. The increasing power density due to the
miniaturization of the circuits makes the task of packag-
ing and cooling harder and costlier. Higher power densities
aso trandate to higher on-chip temperatures and make it
necessary to support costlier packaging. Power and cooling

requirementsare also amajor bottleneck for many data cen-
tersand is considered asignificant part of the operating cost.
The higher power densities also degrade system reliability.
Furthermore, the increasing current draw poses difficulties
in the power supply grid design.

2 Sources of Power Consumption

The three main sources of power consumption in a
CMOS chip occur due to the switching activity of the sig-
nals, short-circuit current and leakage currents. Power is
consumed whenever current is drawn to charge a node or
wire from zero to one. This is referred to as the dynamic
power consumption and is represented as C'V 2 f, where C
is the capacitance of the node or wire being switched, V' is
the voltage swing associated with a change from a logical
zeroto alogical oneand f is the operating frequency. Dy-
namic energy consumption has been the dominant source of
power consumption and has been the focus of most power
optimization efforts. The second source of power consump-
tion is due to the short-circuit current that flows when both
the pull-up and pull-down circuits are both on for a short
duration when the inputs are changing. Short circuit cur-
rent is not a major concern for well designed circuits. The
third source of power consumption is dueto leakage current
that flows even when the transistors are turned off. Leakage
power is consumed immaterial of whether there is switch-
ing activity or not and is becoming amajor concern with the
scaling down of threshold voltages and the reducing thick-
ness of the gate oxide.

In order to reduce power consumption, tools for estimat-
ing the various sources of power consumption are essential.
The estimation tools are useful in identifying the compo-
nents that are problematic from a power consumption per-
spective and in eval uating the effectiveness of optimizations
proposed to overcome these problems. The power estima-
tion tools can be used at different stages in the system de-
sign (See Figure 1). Tools for accurate power-performance
prediction are essential for designing power-aware architec-
tures, compilers, run-time support, communication proto-
cols, and applications. Currently, there are tools to mea-
sure the power at either a very fine-grain (circuit or gate)
level or coarse-grain (procedura or program) level. With
fine-grain estimation, it is difficult or impossible to measure
power usagein (future) billion transistor designsor for large
programs. However, this is the most accurate approach to
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power estimation. On the other hand, coarse-grain mea-
surements can only give gross estimates, but do so quite
efficiently.

At the earliest stage of the design, power is estimated for
a given system with little implementation detail at the ar-
chitectural level. Architectural power simulators have been
typically built on top of performance simulators that keep
track of accesses to the different components in the archi-
tecture and obtain the power consumption by modeling the
per access energy cost of a single access for each compo-
nent. The models for the different components are built us-
ing the structure, bitwidth and design style. For example,
the power consumed for a cache access can be modeled us-
ing information such as the size of the cache, the number
of ports and the use of single-ended or double-ended sense
amplifiers for reading the data. Examples of architectural
level estimation tools include Simplepower [24], Softwatt,
Wattch [2] and Wattwatcher.

Once the RTL and the corresponding gate level imple-
mentation of the architecture are available more accurate
power estimation is possible. Even at this level actua lay-
out or circuit implementation is not available and gate and
wiring capacitances are estimated using models. Gate ca
pacitances are modeled using the sizing information while
wire loads are obtained from number of pinsincident on the
net and based on placement information. The switching ac-
tivity at the nodes is estimated through simulation. Once
capacitance and switching information is available the dy-
namic power estimation can be performed.

Later in the design cycle, even more accurate estimates
can be obtained at the circuit level as more information is
available to make estimates of the capacitance more accu-
rately. However, estimation at the higher levelsis becoming
more and moreimportant as power problemsidentified later
in the design cycle are hard to fix. Conseguently, tools for
estimating the power at the earliest stage of design are be-
coming popular. Since softwareisbecoming anintegral part
of most systems, tools for estimating the power consumed
by software and the influence of software optimizations on
the power consumption behavior have also become impor-
tant.

These tools also help to identify the specific compo-
nents that pose the main concern from a power consump-
tion perspective. In many embedded systems, the design
of the memory system is a critical factor influencing the
power consumption profile. The rest of this paper shows
how memory power optimizations can be reduced at differ-
ent levels of system design.

3 Memory Power Optimizations

A host of hardware optimizations have been proposed to
reduce the energy consumption. Focusing on SRAM mem-
ories, common techniques used for optimization include
partitioning the memory into smaller parts, dividing the bit
lines, dividing the word lines and using reduced voltage
swings[12]. Two common optimizations applied to cache
memories are block buffering [17] and cache subbanking
[23]. Intheblock buffering scheme, the previously accessed
cache line is buffered for subseguent accesses [17]. If the

Analysis  Analysis  Analysis Energy
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Transistor (Switch-level)
Best Slowest Most Least

Figure 1. Comparison of Energy Optimiza-
tions at Different Levels.

datawithin the same cache line is accessed on the next data
request, only the buffer needs to be accessed. This avoids
the unnecessary and more energy consuming access to the
entire cache data and tag array. Multiple block buffers can
be thought of as asmall sized Level 0 cache. In the cache
subbanking optimization, which is also known as column
multiplexing [23], the data array of the cacheis divided into
several subbanks and only the subbank where the desired
data is located is accessed. This optimization reduces the
per access energy consumption.

A common power optimization technique employed in
DRAM memories include the support for multiple low
power modes. Each modeis characterized by its power con-
sumption and the time that it takes to transition back to the
active mode (resynchronization time). Typically, lower the
energy consumption, higher the resynchronizationtime[1].
These modes are characterized by varying degrees of the
module components being active. The power mode tran-
sitions can be effected either by hardware or through soft-
ware.

In the hardware approach, thereis a Self-Monitoring and
Prediction Hardware block which monitors ongoing mem-
ory transactions. It contains some prediction hardware to
estimate the time until the next access to a memory bank
and circuitry to ask the memory controller to initiate mode
transitions. Limited amount of such self-monitored power-
down is present in current memory controllers (e.g., Intel
82443BX [13]). The specific details of different prediction
mechanisms that can be employed is givenin [7]

In the software-directed approach, the memory con-
troller is explicitly told to issue the control packets for a
specific module’'s mode transitions. A set of configuration
registers in the memory controller that are mapped into the
address space of the CPU (similar to the registers in the
memory controller in [13]) are used to set the power mode.
Programming these registers using one or more CPU in-
structions (stores) would result in the desired power mode
setting. The power modes are set based on analyzing the
code and data access patterns using the compiler.

In addition, it is also possible to use code optimizations
to improvethe effectiveness of the power mode control. For
example, al data accessed can be clustered together in a
single module instead of being scattered across in different
modules. This enables to put the unused modules into a
lower power mode.
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4 Reducing L eakage Energy

There have been severa efforts spanning from the circuit
level to the architectural level at reducing the cache leakage
energy. Circuit mechanisms include adaptive substrate bi-
asing, dynamic supply scaling and supply gating. Many of
the circuit techniques have been exploited at the architec-
tural level to control leakage at the cache bank and cache
line granularities.

The approaches that target reducing cache leakage en-
ergy consumption can be broadly categorized into three
groups: (i) those that base their leakage management de-
cisions on some form of performance feedback (e.g., cache
missrate) [19], (ii) those that manage cache leakagein an
applicationinsensitive manner (e.g., periodically turning off
cache lines) [8, 15, 16], and (iii) those that use feedback
from the program behavior [15, 27, 25, 11].

The approach such as DRI I-Cache [19] in category (i)
is inherently coarse-grain in managing leakage as it turns
off large portions of the cache depending on a performance
feedback that does not specifically capture cache line usage
patterns.

Approaches in category (ii) turn off cache lines inde-
pendent of the instruction access pattern. An example of
such a scheme is the periodic cache line turn-off proposed
in [8]. The success of this strategy depends on how well
the selected period reflects the rate at which the instruc-
tion working set changes. Specifically, the optimum period
may change not only across applications but aso within the
different phases of the application itself. A second exam-
ple of afixed scheme in category (ii) is the technique pro-
posed in [16]. This technique adopts a bank based strategy,
where when execution moves from one bank to another, the
hardware turns off the former and turns on the latter. An-
other techniquein category (ii) is the cache decay-based ap-
proach (its adaptive variant falls in category (iii)) proposed
by Kaxiras et al [15]. In this technique, a small counter
is attached to each cache line which tracks its access fre-
guency. If acachelineis not accessed for a certain number
of cycles, it is placed into the leakage saving mode. While
this technique tries to capture the usage frequency of cache
lines, it does not directly predict the cache line access pat-
tern. Consequently, a cache line whose counter saturates is
turned off even if it is going to be accessed in the next cy-
cle. Sinceitisalso aperiodic approach, choosing a suitable
decay interval is crucid if it isto be successful.

The approachesin category (iii) attempt to manage cache
lines in an application-sensitive manner. The adaptive ver-
sion of the cache-decay scheme [15] tailors the decay inter-
val for the cache lines based on cache line access patterns.
They start out with the smallest decay interval for each
cache line to aggressively turn off cache lines and increase
the decay interval when they learn that the cache lines were
turned off prematurely. These schemes learn about prema-
ture turn-off by leaving the tags on at al times. The ap-
proach in [27] also uses tag information to adapt leakage
management. In [25], an optimizing compiler is used to
analyze the program to insert explicit cache line turn-off
instructions. This scheme demands sophisticated program
analysis and modification support, and needs modifications
inthe ISA to implement cache line turn-on/off instructions.

Further, Huet al., in [11], proposed a hotspot based |eakage
management scheme to capture the dynamic phase execu-
tion information of the running program for directing leak-
age control and a just-in-time activation scheme to signifi-
cantly reduce the performance overhead due to the leakage
control.

As Java technologies are more widely adopted in bat-
tery powered devices such as cellphones, PDAS, and pagers,
optimizing the power consumption in Java environment is
becoming a critical issue. Java virtual machine (VM) re-
lies on the garbage collector (GC) for automatic memory
management. In [4], Chen et a. proposed a GC-controlled
leakage energy optimization technique that shuts off mem-
ory banks that do not hold live data. Their schemes reduce
the leakage energy consumed by the heap memory signifi-
cantly. However, conventional GC isinvoked at afixed fre-
guency to detect and turn off the memory banks containing
no live objects. High frequent GC will unnecessarily de-
crease the performance of the virtual machine. On the other
side, GC at very low frequency will lose the opportunities
for leakage optimization. The optimal GC frequency de-
pends on the behavior of a particular application. In[5], the
authors further devel oped an adaptive scheme that dynami-
cally adjusts the GC frequency according to the memory al-
location behavior of the applications. This adaptive scheme
provides a leakage reduction approaching that delivered by
the optimal GC frequency of a given application.

In attempting to reduce leakage energy, we might in-
crease the susceptibility to soft errors when reducing sup-
ply voltages. The work [26] provides a detailed investiga-
tion on impacts of soft errors in caches applying drowsy
leakage control scheme. The results indicate that the single
event upset rate (SER) increases dramatically from 2.5E-
05 FIT/bit to 5E05 FIT/bit when the supply voltage is re-
duced from the normal voltage 1.0V to a drowsy voltage
0.3V. Hence to maintain the system reliability, more sophis-
ticated error protection schemes that themselves will con-
sume more energy will be required. Hence, as these re-
liahility problems aggravate, devising techniques that will
balance the tradeoffs between energy optimization and reli-
ability will become important.

5 Conclusions

Power consumption has become a major design con-
straint influencing the design of next generation systems.
Combating the power problem requires a holistic effort
spanning from circuits to software. Furthermore, there is
a complex interaction and tradeoff between power, perfor-
mance and reliability that need to be balanced carefully.
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