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Abstract. In many mobile and embedded environments power is already the
leading design constraint. This paper argues that power will also be a limiting
factor in general purpose high-performance computers. It should therefore be
considered a“first class’ design constraint on a par with performance. A corol-
lary of this view is that the impact of architectural design decisions on power
consumption must be considered early in the design cycle — at the same time
that their performance impact is considered. In this paper we summarize the key
equations governing power and performance and use them to illustrate some
simple architectural ideas for power savings. The paper then presents two con-
trasting research directions where power is important. We conclude with a dis-
cussion of the tools needed to conduct research into architecture-power trade-
offs.

1 Introduction

The limitsimposed by power consumption are becoming an issuein most areas of com-
puting. The need to limit power consumption is readily apparent in the case of portable
and mobile computer platforms — the laptop and the cell phone being the most com-
mon examples. But the need to limit power in other computer settingsis becoming im-
portant too. A good example is the case of server farms. They are the warehouse-sized
buildingsthat internet service providersfill with servers. A recent analysis presented in
[1] has shown that a 25,000 sg. ft. server farm with about 8,000 servers will consume
2MW. Further it was shown that about 25% of the total running cost of such a facility
is attributable to power consumption, either directly or indirectly.

It isfrequently reported that the net is“ growing exponentialy,” it follows then that
the server farms will match this growth and with them the demand for power. A recent
article in the Financial Times noted that 8% of power consumption in the USisfor in-
formation technology (IT). If thiscomponent is set to grow exponentially without check
it will not be long before the power for IT will be greater than for al other uses com-
bined.
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To get an idea of the trends in power consumption of today’ s processors consider
the following table taken from [2]. The rapid growth in power consumption is obvious.

Table 1: Power Trends for the Compaq Alpha

Alpha Power Frequency Diesize Supply
model (W) (MH2Z) (mm?) voltage
21064 30 200 234 33
21164 50 300 299 33
21264 90 575 314 2.2
21364 >100 >1000 340 15

The growth in power density of the die is equally alarming. It is growing linearly, so
that the power density of the 21364 has reached about 30 W/cm? — three times that of
atypical hot plate. This growth has occurred in spite of process and circuit improve-
ments. Clearly, trading high power for high performance cannot continue, and architec-
tural improvements will also have to be added to process and circuit improvements if
the growth in power is to be contained. The only exceptions will be one-of-a-kind su-
percomputers built for special tasks like weather modelling.

In thisintroductory discussion we have briefly illustrated that power will be alim-
itation for most types of computers, not just onesthat are battery powered. Furthermore,
we have argued that system and architectural improvements will aso have to be added
to process and circuit improvements to contain the growth in power. It therefore seems
reasonable that power should be dealt with at the same stage in the design process as
architectural trade-offs

In the remainder of the paper we will expand on thistheme starting, in the next sec-
tion, with asimple model of power consumption for CMOS logic.

2 Power equations for CMOS logic

There are three equations that provide amodel of the power-performance trade-offs for
CMOSIogic circuits. The equationsare frequently discussed in the low-power literature
and are simplifications that capture the essentials for logic designers, architects, and
systems builders. We focus on CMOS because it will likely remain the dominant tech-
nology for the next 5-7 years. In addition to applying directly to processor logic and
caches, the equations are also relevant for some aspects of DRAM chips. Thefirst equa
tion defines power consumption:

P = ACVf+ TAVI o f + VI g 1)

short
There are three components to this equation. The first is perhaps the most familiar. It

measures the dynamic power consumption caused by the charging and discharging of
the capacitive load on the output of each gate. It is proportional to the frequency of the



operation of the system, f, the activity of the gatesin the system, A (some gates may not
switch every clock), the total capacitance seen by the gate outputs, C, and the square of
the supply voltage, V. The second term captures the power expended due to the short-
circuit current, g, .., that momentarily, t, flows between the supply voltage and
ground when the output of a CMOS logic gate switches. The third term measures the
power lost due to leakage current that is present regardless of the state of the gate.

In today’ s circuits the first term dominates, immediately suggesting that the most
effective way to reduce power consumption is to reduce the supply voltage, V. In fact,
the quadratic dependence on V means that the savings can be significant: halving the
voltage will reduce the power consumption to one quarter of it original value. Unfortu-
nately, this comes at the expense of performance, or, more accurately, maximum oper-
ating frequency, as the next equations shows:

2
fmax O(v- Vthreshold) /v 2

In other words, the maximum frequency of operation is roughly linear in V. Reducing
it will limit the circuit to a lower frequency. But reducing the power to one quarter of
its original value will only cut the maximum frequency in half. There is an important
corollary to equations (1) and (2) that has been widely noticed: If acomputation can be
split in two and run as two parallel independent tasks, this form of parallel processing
has the potential to cut the power in half without slowing the computation.

We can lessen the effect of reducing voltage V in equation (2) by reducing Vi eshold-
In fact this must occur to allow proper operation of low voltage logic circuits. Unfortu-
nately, reducing Vinreshold iNCreases the leakage current, as the third equation shows:

¢/ (35mV)) (3
Thus, thisisalimited option for countering the effect of reducing V. It makes the leak-

age term in the first equation appreciable.

Summary: There are three important points that can be taken away from the above
model. They are:

1. Reducing voltage has a significant effect on power consumption — P [0 V2.
2. Reducing activity doesaswell — in the simplest case, this meansturning off parts
of the computer that are not being used.

3. Pardlel processing is good if it can be done efficiently — independent tasks are
ideal.

IIeak 0 exp(- Vthreshol

2.1 Other figures of merit related to power

The equation for power consumption givenin (1) isan average value. Therearetwo im-
portant caseswhere more information isneeded. Thefirst is peak power. Typicaly, sys-
tems have an upper limit, which if exceeded will lead to some form of damage — aver-
age power does not account for this. The second is dynamic power. Sharp changesin
power consumption can result in inductive effects that can result in circuit malfunction.
The effect is seen in “di/dt noise”— again, average power does not account for this.

Theterm “power” is often used quite loosely to refer to quantitiesthat are not really
power. For example, in the case of portable devices, the amount of energy used to per-



form a computation may be a more useful measure, because a battery stores a quantity
of energy, not aquantity of power. To refer to aprocessor as being “lower power” than
another may be midleading if the computation takes longer to perform. Thetotal energy
expended may be the same in both cases — the battery will be run down by the same
amount in both cases®. This leads to the idea of energy/operation. A processor with a
low energy/operation is sometimes incorrectly referred to as “low power.” In fact, the
inverse of this measure, MIPS/W is frequently used as a figure of merit for processors
intended for mobile applications [3].

Although the MIPS/W iswidely used as a figure of merit (higher numbers are bet-
ter), it too can be misleading because cutting the power consumption in half reducesthe
frequency of operation by much less, because of the quadratic term in (1), as we have
discussed. This has lead Gonzal ez and Horowitz [4] to propose a third figure of merit:
energy*delay. This measure takes into account that, in systems whose power is mod-
elled by (1), it ispossibleto trade a decrease in speed for higher MIPS/W. Unfortunate-
ly, the bulk of theliterature uses MIPS/W or simply Watts, so we will continue this con-
vention recognizing that occasionally it may suggest misleading trade-offs where
“quadratic” devices like CMOS are concerned. Finaly, it should be noted that if the
computation under consideration must finish by a deadline, slowing the operation may
not be an option. In these cases a measure that combines total energy with adeadlineis
more appropriate.

3 Techniques for reducing power consumption

In this section we will survey some of the most common techniques that systems de-
signers have proposed to save power. The scope of this brief overview includes logic,
architecture and operating systems.

3.1 Logic

There are anumber of techniques at the logic level for saving power. The clock tree
can consume 30% of the power of a processor — the early Alpha 21064 exceeded this.
Therefore, it isnot surprising that thisis an item where a number of power saving tech-
niques have been devel oped.

3.1.1 Clock gating

Thisis atechnique that has been widely employed. Theideaisto turn off those parts of
the clock treeto latches or flip-flopsthat are not being used. Until afew years ago gated
clocks were considered poor design practice because the gates in the clock tree can ex-
acerbate clock skew. However, more accurate timing analyzers and more flexible de-
sign tools have made it possible to produce reliable designs with gated clocks and this
technigue is no longer frowned upon.

1. Thisisasimplification because the total energy that can be drawn from a bat-
tery after it has been charged depends, to some extent, on the rate at which the
energy is drawn out. We will ignore this effect for our simplified analysis.



3.1.2 Half-frequency and half-swing clocks

Theideawith the half-frequency clock is to use both edges of the clock to synchronize
events. The clock can then run at half the frequency of aconventional clock. The draw-
backs are that the latches are much more complex and occupy more area, and the re-
guirements on the clock are more stringent.

The half-swing clock swings only half of V. It also increases the requirements on
latch design, and it is difficult to employ in systems where V is low in the first place.
However, the gains from lowering clock swing are usually greater than for clocking on
both edges.

3.1.3 Asynchronous logic

The proponents of asynchronous logic have pointed out that their systems do not have
aclock and therefore stand to save the considerable power that goes into the clock tree.
However, there are drawbacks with asynchronous logic design. The most notable isthe
need to generate completion signals. Thismeansthat additional |ogic must be employed
at each register transfer — in some cases a double rail implementation is employed.
Other drawbacks include difficulty of testing and absence of design tools.

There have been several projects to demonstrate the power saving of asynchronous
systems. The Amulet, an asynchronous implementation of the ARM instruction set ar-
chitecture, is one of the most successful [5]. It isdifficult to draw definitive conclusions
because it is important to compare designs that are realized in the same technol ogies.
Furthermore, the asynchronous designer is at a disadvantage because, as noted, today’s
design tools are geared for synchronous design. In any case, asynchronous design does
not appear to offer sufficient advantages for there to be a wholesale switch to it from
synchronous designs.

The area where asynchronous techniques are likely to prove important is in globally
asynchronous, locally synchronous systems (GALS). These reduce clock power and
help with the growing problem of clock skew across a large chip, while till alowing
conventional design techniques for most of the chip.

3.2 Architecture

The focus of computer architecture research, typified by the work presented at the In-
ternational Symposia on Computer Architecture and the International Symposia on
Microarchitecture, has been on high performance. There have been two important
themes pursued by this research. One has been to exploit parallelism, which we have
seen can help reduce power. The other isto employ speculation — computations are al-
lowed to proceed beyond dependent instructions that may not have yet completed.
Clearly, if the speculation is wrong, energy has been wasted executing useless instruc-
tions. Branch prediction is perhaps the best known example of speculation. If thereisa
high degree of confidence that the speculation will be correct, then it can provideanin-
creasein the MIPS/W figure. However, for thisto be the case the confidence level must
often be so high that speculation is rarely employed as a means to reduce MIPS/W or

power [7].



The area where new architectural ideas can most profitably contribute to reducing
power isin reducing the dynamic power consumption term, specifically the activity fac-
tor, A, in (1).

3.2.1 Memory systems

Thememory system isasignificant source of power consumption. For systemswith rel-
atively unsophisticated processors, cache memory can dominate the chip area. There
aretwo sources of power lossin memory systems. First thereisthe dynamic power loss,
due to the frequency of memory access. This is modelled by the first term® in (1). The
second is the leakage current — the third termin (1).

There have been several proposalsfor limiting the dynamic power lossin memories
by organizing memory so that only parts of it are activated on a memory access. Two
examples are thefilter cache and memory banking [8]. The filter cacheisasmall cache
placed in front of the L1 cache. Its purposeisto intercept signals intended for the main
cache. Its hit rate does not have to be very high, and its access time need be no faster
than the L1 cache. Even if it is hit only 50% of the time, then the power saved is half
the difference between activating the main cache and the filter cache. This can be sig-
nificant. The second example, memory banking, is currently employed in some low
power designs. The idea is to split the memory into banks and activate only the bank
presently in use. It relies on the reference pattern having a lot of spatial locality and,
thus, is more suitable for instruction cache organization.

Thereisnot much that can be done by the architect or systems designer to limit |eak-
age, except to shut the memory down. Thisisonly practical if the memory is going to
be unused for arelatively long time because it will lose state and therefore must be
backed up to disk. This type of shut down (often referred to as sleep mode) is usually
handled by the operating system.

3.2.2 Buses

Buses are a significant source power loss. This is especialy true for inter-chip buses.
These are often very wide — the standard PC memory bus includes 64 data lines and
32 address lines. Each requires substantial drivers. It isnot unusual for achip to expend
15-20% of its power on these inter-chip drivers.

There have been several proposal for limiting this swing. Oneideais to encode the
addresslinesinto a Gray code. Thereasoning isthat address changes (particularly from
cache refills) are often sequential and counting in Gray code switches the least number
of signals[10].

It isstraightforward to adapt other ideasto this problem. Transmitting the difference
between successive address values achieves asimilar result to the Gray code. More gen-
erally, it has been observed that the address lines can be reduced by compressing the
information in them [9]. These techniques are best suited to inter-chip signalling, be-
cause the encoding can be integrated into the memory controllers.

1. The second term in (1) can also be lumped together with this.



Continuing with the code compression concept, it has been shown that significant
instruction memory savingsresultsif the programis stored in compressed form and de-
compressed on the fly (typically on a cache miss) [11]. The reduction in memory size
can tranglate to power savings. It also reduces the frequency of code overlays, another
source of power loss and a technique still used in many digital signal processing (DSP)
systems.

3.2.3 Parallel Processing and Pipelining

Aswe noted above, acorollary of our power model isthat parallel processing can be an
important technique for reducing power consumption in CMOS systems. Pipelining
does not share this advantage, because the concurrency in pipelining is achieved
through increasing the clock frequency which limits the ability to scale the voltage (2).
Thisis an interesting reversal, because the microarchitecture for pipelining is simpler
than for parallel instruction issue and, therefore, it has traditionally been the more com-
mon of the two techniques employed to speed up execution.

The degree to which computations can be parall elized varieswidely. Someare“em-
barrassingly parallel.” They are usually characterized by identical operations on array
data structures. However, for general purpose computations typified by the SPEC
benchmark suite, there has been little progress on discovering paralelism. Thisisre-
flected in the fact that successful general purpose microprocessors rarely issue more
than three or four instructions at once. Increasing instruction level paralelism is not
likely to offset the loss due to hazards inhibiting efficient parallel execution. However,
it islikely that future desktop architectures will have shorter pipes.

In contrast, common signal processing algorithms often possess a significant degree
of paralelism. Thisis reflected in the architecture of DSP chips, which is notably dif-
ferent from desktop or workstation architectures. DSPstypically run at much lower fre-
guencies and exploit a much higher degree of parallelism. Parallelism and direct sup-
port for a multiply-accumulate (MAC) operation, which occurs with considerable fre-
guency in signal processing algorithms, means that in spite of their lower clock rates
they can achieve high MIPS ratings. An example is given by Analog Devices 21160
SHARC DSP. It can achieve 600 Mflops using only 2W on some DSP kernels.

3.3 Operating System
The quadratic voltage term in (1) means, as we have noted several times, that reducing
voltage has great benefit for power savings. A processor does not haveto run at it max-
imum frequency all the time to get its work done. If the deadline of a computation is
known it may be possible to adjust the frequency of the processor and reduce the supply
voltage. For example, a simple MPEG decode runs at a fixed rate determined by the
screen refresh (usually once every 1/30th of asecond). A processor responsible for this
work could be adjusted to run so that it does not finish ahead of schedule and waste
power.

Itisvery difficult to automatically detect periods where voltage can be scaled back,
SO current proposals are to provide an interface to the operating system that allows it to
control the voltage. The ideais for the application to use these operating system func-
tions to “schedule” its voltage needs [12]. Thisis avery effect way to save power be-



causeit worksdirectly on the quadratic term in equation (1). Support for voltage scaling
has already found itsway into the next generation of StrongARM microprocessorsfrom
Intel, the XScale.

4 What can we do with a high MIPS/W device?

The obvious applications for processors with a high MIPS/W are in mobile computing.
The so-called 3G mobile phones that we can expect in the near future will have to pos-
sess remarkable processing capabilities. The 3G phones will communicate over apack-
et-switched wireless link at up to 2 Mbs. The link will support both voice and data and
will be connected al thetime. There are plansto support MPEG4 video transmission as
well as other data intensive applications.

Today’s cell phones are built around two processors. a general purpose computer
and aDSP engine. Both have to be low power, the lower the better. A common solution
isto use an ARM processor for the general purpose machine and a Texas Instrument’s
DSP chip. For 3G systems both of these processorswill have to be much more powerful
without sacrificing battery life. In fact, the processing requirements, given the power
constraints, are beyond the present state-of-the-art. The design of such systems where
power isafirst class design constraint will be one of the next major challenge for com-
puter architects. Furthermore, the immense number of units that will be sold — there
are hundreds of millions of cell phones in use today — means that this platform will
take over from the desktop as the defining application environment for computers as a
whole.

The two-processor configuration of the cell platform has arisen out of the need to
have alow power system that can perform significant amounts of signal processing and
possess general purpose functionality for low-resolution display support, simple data
base functions, and the protocols associated with cell-to-phone communications. From
an architectural point of view thisis not a particularly elegant solution and a “conver-
gent” architecture that can handle the requirements of both signal processing and gen-
eral purpose computing may be a cleaner solution. However, from a power perspective
it may be easier to manage the power to separate components; either one can be easily
turned off when not required. There are many more trade-offs to be studied.

While the cell phone and its derivatives will become the leading user of power ef-
ficient systems, it is by no means the only place where power is key, as we saw in the
introduction. To go back to the server farm example, consider one of the servers: It has
aworkload of independent programs. Thus parallelism can be used without the ineffi-
ciencies often introduced by the need for intra-program communication and synchroni-
zation — multiprocessors are an attractive solution. A typical front-end server that han-
dlesmail, web pages, and news, has an Intel compatible processor, 32M bytes of mem-
ory, an 8G byte disk and requires about 30W of power. Assume the processor is an
AMD Mobile K6 with atotal of 64K bytes of cache running at 400MHz. It israted at
12W (typical). Compare this to the recently announced Intel X Scale, which is Intel’s
next generation of StrongARM processor. It has the same total cache size but consumes
only 450mW at 600MHz. (It can run from about 1GHz to below 100MHz; at 150M hz
it consumes just 40mW.) If we replace the K6 with 24 X Scales we have not increased



power consumption. For the K6 to process as many jobs as the 24-headed multiproces-
sor, it will have to have an architectural efficiency (e.g., SPECmarks) that is about 24
times that of an XScale.

Thereisalot to disagree with in the above analysis. For example, the much more
complex processor-memory interconnect required by the multiprocessor is hot account-
ed for, nor has any consideration been given to the fact that theindividual jobsmay have
an unacceptabl e response time. However, the point isto show that if power is the chief
design constraint, then alow power but non-trivial processor like the X Scale canintro-
duce a new perspective into computer architecture. Consider the above anaysis if we
replaced the K6 with a100W Compag 21364: it would need to be 200 times as efficient.

5 Conclusion

We have made an argument for power to be afirst class design constraint. We have also
listed a number of ways that systems designers can contribute to satisfying this con-
straint. There is much more research to be done. Power aware design is no longer ex-
clusively the province of the process engineer and circuit designer, although their con-
tributions are crucial. By one account (see the talk by Deo Singh in[1]) we need archi-
tects and systemslevel designersto contribute a2x improvement in power consumption
per generation. Thisimprovement is required in addition to the gains from process and
circuit improvements.

To elevate power to afirst class constraint, it needs to be dealt with early onin the
design flow, at the same point that architectural trade-offs are being made. Thisisthe
point where cycle accurate simulation is performed. Thisis problematic because accu-
rate power determination can only be made after chip layout has been performed. How-
ever, very approximate values are usually acceptable early on in the design flow pro-
vided they accurately reflect trends. In other words, if a change is madein the architec-
ture the approximate power figure should reflect achange in power that isin the correct
direction.

Severa research efforts are under way to insert power estimators into cycle level
simulators. They typically employ event counters to obtain frequency measures for
components of the architecture. These components areitems such as adders, caches, de-
coders, and buses, for which an approximate model of power can be obtained. An early
example was developed by researchers at Intel [13]. Others are Wattch [14] and Sim-
plePower [15]. All three are based on the SimpleScalar simulator that iswidely used in
academe [16]. A fourth effort, PowerAnalyzer, under development by the author, T.
Austinand D. Grunwald isexpanding on thework in [13]. PowerAnalyzer will also pro-
vide estimates for di/dt noise and peak power [17].
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