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1 Introduction

Power conservation as a means towards en-
vironmental, economic, and political improve-
ment is certainly a dominant theme in modern
life today. At the same time, the availability
and use of computers throughout the world has
increased dramatically. Hence, “green” com-
puting should be an area of research in com-
puter architecture that is gaining more focus.
Additionally, the “convenience factor” associ-
ated with more efficient architecture (i.e. bat-
tery life) adds motivation on a productivity
level. Along this thread, we have undertaken
a survey of power reduction techniques looking
at software based methodologies with a discus-
sion of complementary hardware strategies.

After an investigation of potential hard-
ware power optimization strategies, we show
an analysis of the power consumption at the in-
struction level which motivates complier strate-
gies as well as on chip design patterns. This
will then lead us to a discussion of algorithms
for power conservation during computation (as-
suming variable voltage/frequency processors)
beginning by defining Earliest Deadline First
(EDF) as a baseline algorithm. Comparing the
trade-off of power and performance we will then
address the following questions. What are the
possible improvements over EDF and can these
improvements be combined for an even greater
power savings? Where is the point of no return
between saving energy from intelligent schedul-

ing and using too much energy (aka O-time)
to schedule tasks? What improvements can be
achieved only in soft real time systems? Fi-
nally, how large of an impact can application
aware scheduling have on power consumption?
The answers to these questions then will be
revisited in light of hardware-level restrictions
and optimizations to consider potentially syn-
ergistic options for power reduction.

2 The Tradeoff
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Figure 1: Power vs. performance for various
Intel processors. This shows the exponential
relationship in single-core processors.

The basis of “green computing” in the con-
text of this report is underscored by the tradeoff
between power and and performance. Increas-
ing clock speeds increases power utilization ex-



ponentially. Figure 1 shows that for Intel pro-
cessors the relationship is roughly Power =
7. Another point is that the dual core archi-
tecture uses cores that are roughly 15% slower
than single processors, but the power savings is
on the order of 50% or more! Clearly, sacrific-
ing some amount of performance, especially in
unsaturated systems, can have very meaningful
reductions in power use.

The complexity of micro-architecture is at
the threshold where slight increases in any func-
tionality or size drastically increase the power
consumption. This is due to the additional wire
length and components on the processor and
the need to speed up the clock to increase per-
formance. Chip design needs to refocus to con-
sider power utilization in future architecture.
We will address specific improvements that will
work in tandem with power conservation algo-
rithms to decrease the total power consumption
of the processor. Some of these hardware side
improvements are directly motivated by the al-
gorithms that are commonly used for schedul-
ing.

3 Hardware Strategies

The implementation of software based power
conservation algorithms with respect to super-
scalar computing is strongly coupled to hard-
ware modifications. These hardware features
are needed in multiple ways: 1) the regis-
ter /buffers that are needed to monitor signals
required by the algorithms to determine energy
efficient paths, 2) to change frequency and volt-
age levels to lower power consumption when
appropriate in multiple clock domain or vari-
able voltage designs or 3) to selectively recon-
figure a processor to reduce power by disabling
functional blocks of the processor when appro-
priate. In addition, there are simple hardware
implementations that can be incorporated in
generic processor design that can supplant sav-
ings gained algorithmically. The following dis-

cussion will investigate several power savings
strategies that have been researched in the area
of superscalar computing.

e Introduction to Microprocessor Hardware
Power Consumption

e Cross Talk Power Consumption

e Dynamic processor reconfiguration

e Multiple clock domains/voltage scaling
e Register file strategies

These strategies will be discussed in the con-
text needed with respect to hardware interac-
tions with algorithmic scheduling power man-
agement.

3.1 Microprocessor Hardware
Power Consumption

Power consumption in a semiconductor based
integrated device is an avoidable cost of use.
The components of the power used are primar-
ily composed of two mechanisms: transistors
switching on and off, and interconnect line ca-
pacitance. Through the evolution of the semi-
conductor manufacturing process, the power
used by microprocessors has changed in many
ways. The primary driver of these changes have
been Moores law, which has driven the device
size down, the device speed up, and the number
of devices on a microprocessor up. Whereas the
decreased dimensions of the modern transistor
has driven the current dissipation per transis-
tor down, the speed of switching and the num-
ber of devices has more than counteracted that
savings. This can be seen through the following
equation[1]:

P = (Zizlaioi‘/i)VDDFclk (1)

In this equation Vpp is the supply volt-
age, F,. is the clock frequency, V; is the volt-
age at which the node capacitance will charge,



C; is the total capacitance of the node, and
ai is the activity factor of the node (the av-
erage number of charging voltage transitions
that occurs on the node per clock cycle). Vpp
has decreased less than an order of magnitude,
while the number of nodes (proportional to the
number of transistors) and the clock frequency
has increased by several orders of magnitude.
Hence it is clear that this simplified view of
power consumption would indicate that the
modern microprocessors use significantly more
power. The strategies that have been employed
to reduce the power with respect to transis-
tor switching will be discussed in following sec-
tions. At a high level, efficient use of transistors
is the central theme of hardware power conser-
vation here. In terms of this paper, this trans-
lates into 1) minimizing the number of tran-
sistors used (dynamic processor configuration),
2) lowering voltages and frequencies (multiple
clock domain/voltage scaling), and 3) looking
at the number of transistors used in the regis-
ters (Register file strategies).

The second component of power dissipation
is created by the interconnections of transis-
tors on an integrated circuit. Historically, this
power consumption had a component from the
resistivity of the interconnect lines. The intro-
duction of multilayer Copper interconnects in
microprocessor manufacturing has significantly
reduced this component in two ways. First by
shortening the average length of interconnects
(an effect of multilayered approached) and sec-
ondly by reducing the bulk resistivity of the in-
terconnect (an effect of using Copper). The re-
maining power consumption is therefore mainly
an effect of capacitive effects. The reduction of
power consumed by capacitive effects is the first
hardware strategy that will be discussed in the
next section.

3.2 Bus Conductor Crosstalk

Nieuwland et al.[2] propose a power reduction
strategy that is not specific to superscalar ar-

chitectures but is appropriate in that super-
scalar microprocessors are typically complex
and have significant interconnect density. The
capacitance between interconnects that is dis-
cussed is illustrated in Figure 2.

Figure 2: Three line (A, B, and C) capacitance.

In this case, the power dissipated due to
signals running in the lines is given as:

PavgB = 1(C(B + §Cm>V2 (2)
4 2
This represents a potential power savings of up
to 25%. This discussion is not meant to be
technically in depth or specific to superscalar
architectures. It is, however, meant to show an
example of how the inherent material compo-
nents of power consumption can be minimized.
The following sections will describe strategies

more specific to superscalar architectures.

3.3 Dynamic Processor Configu-
ration

Modern superscalar design has been built
around the exploitation of instruction level par-
allelism (ILP). The premise of ILP is that mul-
tiple instructions with no (or limited) interde-
pendence can be executed at the same time,
thereby decreasing the net time of execution
for the software code. This concept implies
higher performance, but when one looks at the
tradeoffs associated with it, the performance
gains become less clear. This is driven by the
fact that the opportunities for ILP are lim-
ited by the dependencies of instructions in the
code coupled with the energy overhead asso-
ciated with the hardware involved with ILP.



There are several proposed strategies to mini-
mize the power consumption of microprocessors
when ILP is limited.

Maro et al.[3] have suggested that monitor-
ing the hardware usage associated with ILP is
a means to determine when energy savings are
present. The premise of their proposed sav-
ings is that Instructions Per Cycle vary over a
program run time (Figure 3) and can give in-
dications of program segments in which power
can be saved. They proposed several monitor-
ing schema that could be used in this regard
that allow the processor to be put into one of
three low power configurations. The low power
configuration disable parts or all of the integer
and floating point clusters. Maro et al. have
suggested that monitoring the hardware usage
associated with ILP is a means to determine
when energy savings are present. The premise
of their proposed savings is that Instructions
Per Cycle vary over a program run time (Fig-
ure 3) and can give indications of program seg-
ments in which power can be saved. They pro-
posed several monitoring schema that could be
used in this regard that allow the processor to
be put into one of three low power configu-
rations. The low power configuration disable
parts or all of the integer and floating point
clusters.

First, integer and floating point functional
unit usages are tracked to determine the possi-
bility of energy savings by use of a shift register.
When a predefined number of units are not be-
ing used, a 1 is shifted into the register. When
the number of 1s in the register reaches a cer-
tain level, functional units are selectively dis-
abled. Monitoring the number of dependencies
in the instruction window also gives a picture
of the amount of ILP available. If the depen-
dency count in the instruction window is high,
the amount of ILP available is low and selective
disabling of functional units is less costly.

Restricting the amount of instruction is-
sue by instruction queue is a second technique.
This is monitored by looking at Instructions
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Figure 3: TPC variation for the hydro2d bench-
mark. The X axis represents the execution
timeline while the Y axis is IPC.

Per Cycle (IPC) that are issued and commit-
ted. Maro et al. set a lower limit to the ratio
of committed instructions to issued instructions
to determine when a low power mode could be
activated. A situation where the issue rate is
significantly higher than the commit rate is in-
dicative of low ILP. Hence, if limited resources
are being used, a low power mode is activated
and portions of the processor are disabled.

Folegnani et al.[4] similarly proposed mon-
itoring the ratio of committed to issued in-
structions, but instead of disabling functional
units for power savings, they suggested limit-
ing size of the instruction queue. They dis-
covered that the issued and committed instruc-
tions in many benchmarks were typically from
the first quarter of the instruction queue. Fig-
ure 4 shows the placement in the instruction
queue for both issued and committed instruc-
tions across 6 benchmarks.

With this in mind, disabling portions of the
instruction queue was surmised to have little
effect on the overall IPC due to the fact that
instructions residing in the earliest portions of
the instruction queue were rarely issued. Hence
during periods where committed instructions
were low relative to those being issued, the in-
struction queue does not need to be as deep.
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Figure 4: Instruction queue location of issued
and committed instructions.

Seeing as the suggested modifications are hy-
pothesized to not affect IPC, and would also
not involve frequency change, the scheduling
estimations would not be affected.

Another strategy proposed by Pokam et
al.[5] is to modulate the bit with of the regis-
ter files in a dynamic fashion. They base their
technique on the fact that many operands in
a superscalar pipeline do not use the full bit-
width (Figure 5).

The strategy that is proposed here is that
the compiler is exposed to areas of narrow
bitwidth so that it is able to schedule them to-
gether while the register bitwidth is reduced.
On the hardware side, a bitslice” register de-
sign would be employed that would allow the
register file to resize between 8, 16, and 32 bits.
Hence, there is both hardware and software
components to this scenario. Generic compiler
strategies will be discussed later in the paper.

nanow-width regions
P 2
AR

____ _'

\ Wl Uil

3

Fraction of 216 bits

¥

2

e time

Figure 5: Bitwidth by cycle time for adpcm
benchmark. The Y axis represents the per-
centage of operands that are 8 versus 16 bits
(datapath is 32 bits).

3.4 Dynamic Voltage Scaling
and Multiple Clock Domains

These techniques rely on being able to modu-
late the voltage and frequency to various parts
of the processor. The main effort here is to
exploit energy savings by selectively lowering
the operating voltages and frequencies on the
processor while attempting to preserve perfor-
mance. The driving force to the MCD that is
most attractive is the fact that it is necessary
due to clock skew anyway.

Semeraro et al.[6] simulated a multiple clock
domain (MCD) architecture with globally-
asynchronous, locally-synchronous (GALS)
clock to look into the potential energy sav-
ings. They specifically investigated dynamic
frequency and voltage scaling effects over a
wide range of benchmarks. The clock do-
mains that they define are: front end (L1-
Instruction cache, branch prediction, rename
and dispatch), integer core, floating point core,
load/store (L1D cache and L2 cache), and the
main memory (external to processor). The
main memory is not considered controllable by
the processor and is always run at full speed.
They presented an algorithm that controlled
the processor frequencies and voltages (they are
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Figure 6: Comparison of Attack/Delay vs. other MCD and Globally Clocked (no domains) strate-

gies.

scaled together) through the analysis of the in-
struction issue queue in each of the domains
(not the memory). If the queue is underuti-
lized (used below a defined level) in a domain,
the frequency of the clock in that domain is low-
ered. When utilization increases, the frequency
in that domain is likewise increased. Therefore,
the algorithm attempts to minimize the energy
used in program windows where resources are
not needed. There simulated results for this
attack/delay” strategy are shown relative to a
other MCD strategies in Figure 6.

The findings of their simulations illustrated
that the Attack/Decay strategy had the least
performance degradation. Unfortunately, the
hardware associated with this strategy is quite
extensive with respect to changing the fre-
quency of the clock, so the area cost of this
technique is high. Their investigations, how-
ever, elucidated the fact that the variation of
savings as well as performance degradation was
quite large with respect to the benchmark be-
ing tested.

Interestingly, Snowdon et al.[7] have in-
dicated that while processor savings can be
achieved through these techniques, the power
associated with the memory of the system dom-
inates so the savings are incrementally small.
This is consistent with other findings, only
worded in a more pessimistic fashion.

3.5 Register Based Power Re-
duction Strategies

The registers in a superscalar processor are
critical to the performance attained. Unfortu-
nately, a significant portion of the power con-
sumed by the processor is driven by the reg-
isters. There has been significant research as-
sociated with energy savings involving register
strategy. Zyuban et al. [8] gives a good high
level description of the components energy use
in register files and how to best design the reg-
ister hardware infrastructure with power con-
sumption in mind.

Register file power consumption is driven
by different physical components depending on
the size of the file. Large register files (defined
by Zyuban as having > 128 entries) have their
power consumption dominated by bit line en-
ergy. This is due to the fact that larger regis-
ter files have longer bit lines, hence the energy
required to charge the bit line across the file
is high. Smaller register files have shorter bit
lines that contribute less to total power con-
sumption. The energy used by the sense ampli-
fier becomes the dominant energy component
in this scenario.

Increasing ILP leads to a needed increase
in the number of read and write ports in su-
perscalar processors. This is the second driver
of energy consumption with respect to register
file design. The logical presumption that en-



ergy increases with the number of ports holds
true, which needs to be considered when bal-
ancing performance with power consumption.
Figure 7 illustrates the power consumption cor-
relation to register file size and number of ports
in Zyubans paper.

Figure 7: Energy consumption relative to the
number of ports and register files. The number
of ports includes both read and write ports.

Tseng et al.[9] discuss several hardware de-
signs to improve the energy dissipation of reg-
ister files at a design level. The analysis of the
benchmarks used in their study indicates that
82% of the bits fetched from the register file
are zeros. This leads them to a proposed stor-
age cell design that takes advantage of this fact
and minimizes the energy used during cell dis-
charge. The tradeoff here is in the physical size
of the register file which increases by 9%. A
more real estate efficient proposal is to bypass
the RO register. The RO location is always 0,
so there is an energy use associated with the
bitline discharge when this register is read. By
providing a separate zero input to the proces-
sor hardware, this register bit can be deleted
which reduces overall energy. Unlike the modi-
fied storage cell design, this change comes at a
lower overall layout area increase.

Moshovos [10] reports that the register re-
naming unit in the Pentium Pro design dissi-
pates approximately 4% of the power of the
chip. He proposes reductions in read and write
ports associated with the register alias table

(RAT) under the premises that 1) most instruc-
tions do not use the maximum number of source
and destination operands and 2) the maximum
number of renamed instructions is not always
necessary. He goes on to investigate savings
that can be achieved by hardware modifica-
tions to the circuitry used in branch prediction.
Their simulations across benchmarks show the
results in Figure 7 for reduced read and write
ports. This indicates that reducing write ports
from 8 to 6 has low (<1%) performance impact,
while reducing read ports from 24 to either 20
or 16 has low impact.
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Figure 8: Performance slowdown for (a) RAT
write port reduction and (b) RAT read port
reduction.

The innovation in his approach (it is com-
mon knowledge that reducing read and write
ports saves power) is to use an out of order
branch resolution schema as apposed to the
normally accepted in order resolution. This
schema allows a branch checkpoint to be re-
turned to the checkpoint pool (and hence al-
lowing a new branch to start) as soon as the
branch in question is resolved. The justification
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Figure 9: Performance slowdown for a number of branch checkpoints for in and out of order designs.
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has 8 checkpoints.)

here is made by looking at the potential out-
come scenarios with out of order branch reso-
lution (this assumes the branch in question was
predicted correctly). The first scenario occurs
when all previous branches resolve correctly. In
this case, there is no need for the checkpoint
held by the released branch, so the checkpoint
release caused no impact. The second case oc-
curs when the branch checkpoint in question
is released and a prior branch is mispredicted.
In this case the checkpoint for the mispredicted
branch is used to return the RAT to the correct
state, so once again, the checkpoint in question
is not needed.

Moshovos goes on to claim that there might
even be performance improvements due to the
fact that the checkpoints in his scenario are no
longer implemented via a circular queue, but
rather as check-pointing cells embedded with
each row in the RAT. In the circular queue de-
sign, the time to return the RAT to the ap-
propriate state after a misprediction is depen-
dent on shifting through the circular queue un-
til the correct branch is found. On the contrary,
the checkpointing bit in their design can be ac-
cessed immediately. Figure 9 shows the impact
of number of branch checkpoints for both in
order (common practice, left bar) and out of

order (Moshovos scheme, right bar) scenarios.
This graph suggests that 16 checkpoints in an
out of order scheme performs better than 24
checkpoints in an in order scheme.

3.6 Summary

The preceding discussions illustrate a variety
of methodologies that may be employed in the
sphere of superscalar architectures to reduce
the power consumption of the microprocessor.
What has been shown is that power reduction
can be achieved through careful layout as well
as intelligent utilization and design of the build-
ing blocks used in superscalar design. In the
end, the main lesson learned is that any power
savings has some performance impact. This
performance impact is to varying degrees de-
pending on which benchmark is being used to
assess performance. Therefore, one must pon-
der their own need for speed” when balancing
performance against power savings.



4 Software Power Analysis

4.1 Software Power Consump-
tion

Analysis of power consumption traditionally fo-
cuses on the hardware. When we do focus on
the software, it is usually to determine how
to make software run faster, not how to make
it consume less power. Although many tech-
niques that make software run faster can also
make it consume less power, this is not the pri-
mary focus. In this section, we focus on a few
facets of power consumption from a software
perspective.

First, why would we want to know how
much power software consumes? Consider a
project where we are building a consumer em-
bedded device, such as a mobile phone. Sup-
pose we want to know how big of a battery
to put into the device, and suppose we have a
limit on battery size. If the device just sits idle
and not doing anything, it consumes a mini-
mal amount of power. Once we start loading
and running software on the device, the power
consumption will increase. If it was possible to
assign a specific power cost for each software
application we load onto the device, we can es-
timate how much total power will be consumed
by adding up the cost of each application times
the estimated amount of times the application
will be run. We can also control the total power
consumption by limiting the applications that
go on the device, and balancing the applica-
tions such that the total power consumption
does not exceed out budget. It would even be
possible to limit the number of applications so
that we could use smaller batteries and save
money. If we could save one dollar per device,
and if we are making 250,000 devices, we would
save $250,000.

If we could profile power consumption of ap-
plications on different processors, we might find
that different processors use different amounts
of power to run the same applications. This

would allow us to choose more efficient proces-
sors. Likewise, we could profile compilers in
order to determine which ones give more power
efficient code.

How can software consume power? It is not
a physical object; you cannot hold it in your
hands. It has no voltage applied to it, no cur-
rent flows through it. And yet, like the driver
of a car, the software directs the activities of
the CPU, and therefore directly influences the
amount of power the CPU consumes.

In order to estimate how much power a soft-
ware program will consume, we need to un-
derstand how the CPU consumes power, and
what influences this. Roy et al.[11] suggested
that system memory consumes from 10-25% of
the power. Cache access also consumes power,
but less then memory access. System busses
(address, control, data) consume power, and
how much is largely determined by the soft-
ware being executed. Various functional units
consume power, and the power consumption of
some of the units is also determined by the soft-
ware. Other components of the processor that
have more constant power consumption, such
as clock circuitry, is also relevant because the
longer it takes to run a program, the more of
this type of power will be consumed.

4.2 Instruction Level Power

Analysis

One method of determining power cost is called
Instruction Level Power Analysis. The purpose
of this it to analyze the power being consumed
by different instructions or combinations of in-
structions. If we can determine a difference be-
tween different instructions, it may be possible
to modify a compiler to favor more efficient in-
structions.

Tiwari et al.[12] performed a series of exper-
iments to determine how the software being ex-
ecuted can influence power consumption. They
used specially modified mother boards that al-



lowed an ammeter to be placed in series with
the power line to the processor. By doing so,
they could monitor the power being consumed
by the cpu at any time.

They then developed and executed various
programs that executed the same instruction
over and over again, and measured the current
consumption while the program was running.
Their programs were designed so as to minimize
stalls and cache misses, and to minimize the
cost of the jump instructions.

When they did this, they discovered three
different categories of power consumption. The
first category consists of the base cost of a sin-
gle instruction, executed over and over again.
This specific cost requires that the test pro-
gram be constructed such that there are no
cache misses, no pipeline stalls, and minimal
jump/branch penalties. Table 1 gives an ex-
ample of the results[13].

They noticed that the base cost of an in-
struction could vary somewhat according to the
address and value of the operands used. Be-
cause the variation is less then 10%, and be-
cause it is not usually known in advance what
these values are, it is difficult to take advantage
of this at compile time.

They also observed that instructions with
similar functionality tended to consume the
same amount of power. This is not surprising,
considering that similar functionality should
use the same functional components of the pro-
CessOr.

The second category of power consumption
comes from what is called circuit state over-
head for instruction pairs. After a specific in-
struction executes, the various gates in the pro-
cessor and functional units are left in a specific
state such that when another specific instruc-
tion executes, the power consumption of the
second instruction is higher then when the sec-
ond instruction executes over and over again.
In other words, it was found that when certain
instructions followed other instructions, the to-

tal power consumption of the two instructions
was greater then the sum of the power con-
sumption of the instructions when they were
not executed one after the other.

They observed that this circuit state over-
head was smaller in larger processors. A possi-
ble reason for this is that in larger processors,
a lot of the circuit activity is common to all
instructions. This common overhead tends to
minimize overhead that is unique to certain in-
structions.

The third category of costs is other inter-
instruction effects, such as unavoidable stalls,
cache pre-fetches, etc. If the processor stalls
for a few cycles, it is still consuming power.

Once we know what the different categories
of power consumption, we can estimate the cost
of a software application. For any given pro-
gram, its power cost, £,, would be as follows:

Ep = ZZ‘(BCLSBZ‘ : Nz) + Zij(fnterij : NZ]) + ZkEk
(3)
Where Base; is the base cost of instruction
7, IN; is the number of times instruction i exe-
cutes, Inter;; is the inter instruction cost when
instruction j follows instruction ¢, [V;; is the
number of times instruction j follows instruc-
tion ¢, and Ej is all other inter instructions
costs.

Some of the results were not what you
would expect. For example, it was found in
some cases that an OR instruction consumed as
much power as a MULTIPLY did. You would
think that a simple OR instruction would con-
sume less cycles and therefore less power. This
suggests inefficiency in the hardware design.

Another discovery was that instructions
that accessed memory consumed much more
power then those that did not. For example,
in the 486DX2, register instructions cost about
300mA, memory reads cost 400mA, and mem-
ory writes cost more then 530mA. It becomes
apparent that if we can reduce the number of
times we read and write memory, we can sig-



Intel 486DX2 Fujistu SPARClite '934

Instruction | Current wma) | Cycles | Energy Instruction | Current ma) | Cycles | Energy

nop 276 1 2.27 nop 198 1 3.26
mov dx,[bx] 428 1 3.53 1d [10],i0 213 1 3.51
mov dx,bx 302 1 2.49 or g0,i0,10 198 1 3.26
mov [bx],dx 522 1 4.30 st 10,[10] 346 2 114
add dx,bx 314 1 2.59 add i0,00,10 199 1 3.28
add dx,[bx] 400 2 6.60 mul g0,rl1,r2 198 1 3.26

jmp 373 3 9.23 srl i0,1,10 197 1 3.25

Table 1: Comparing instruction costs between two processors. Energy units are 1078J.

nificantly reduce our power consumption. If we
can more efficiently user registers so as to re-
duce the need to access memory, we can reduce
power. If we have more registers, we can like-
wise reduce dependency on memory. It is pos-
sible that the power savings for having a larger
register file can offset the additional power con-
sumption required for accessing a larger register
file.

Roy et al.[11] conducted some tests on in-
struction reordering for reduced power con-
sumption. They found that it was possible to
achieve a power savings of 10% to 30%.

4.3 Reduction of Memory Ac-
cess

Tiwara et al.[14] observed that instructions
that access main memory consume greater
amounts of power. They felt that by reducing
the usage of these instructions they could re-
duce overall power consumption. In their tests,
they accomplished this through more efficient
usage of registers.

As an example, consider Table 2: hlcc.asm
is a heapsort program produced by the C com-
piler 1cc. When it was executed with no mod-
ifications, it ran in about 11 microseconds and
consumed about 525.7 milliamps of current.
The column for hht1.asm represents the code
after it was modified for faster performance,
but not for more efficient power consumption.
When executed, it actually consumed more

current—>534.2 milliamps compared to 525.7
milliamps. Because it executed faster, the over-
all power savings was about 13.5%.

The fourth column, hht2.asm, represents
the code modified for reduced memory access.
Three variables that were stored in memory
were moved to registers. The code did execute
faster and also consumed less current while it
was running. The overall power savings was
23.5%.

The last column, hht3.asm, represents the
code modified for greater reduction in memory
access. Five variables were moved to registers.
Again, less average current was consumed, the
program ran faster, and the energy savings was
40.6%.

This is a very dramatic savings in power.
It is likely that in real world situations, one
would not realize this much of a savings. It is
also worth mentioning that these tests were run
over 12 years ago, and that modern compilers
today will automatically optimize the code for
greater efficiency. While modern compilers are
not specifically tuned to give lower power con-
sumption, they will significantly enhance per-
formance. Clearly reducing running time is
linked to lowering power consumption.

4.4 Loop Fusion

Roy et al.[11] discussed a technique we covered
in class that we call loop fusion. Consider the
following code snippets:



Program hlcc.asm | hhtl.asm | hht2.asm | hht3.asm
Average Current (mA) 525.7 534.2 507.6 486.6
Execution Time (usec) 11.02 9.37 8.73 7.07

(mA*psec)*107° 5.79 5.01 4.43 3.44

% Faster 14.9 20.8 35.8

% Current Change 1.6 -3.4 -7.4
% Savings 13.5% 23.5% 40.6%!

Table 2: A comparison of register movement for the heapsort algorithm.

Program A Program B
for(int 1 = 0; 1 < j ; i++ )
t BLil = A[il; ior(int i=0;1i<j; i++)
}

i i . s e s s B[1] = A[1];
ior(lnt i=0; i< j; i++) ¢l = BL1:

C[il = B[il; ¥
}

Program A moves the contents of array A
into array B during the first loop, and then
from B to C during the second loop. Each loop
iterates j times, for a total of 25 iterations. Pro-
gram B moves A to B to C in one step, and only
one loop iterates. When I ran the above code
snippets, I observed the following results shown
in Figure 10.
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Figure 10: Series 1 is the code from Program

A. Series 2 is the modified code from Program
B.

Series 1 is the code from Program A. Series
2 is the modified code from Program B. As you
can see, the modified code ran in 2/3 of the
time the original code ran. We suspect that it
is due to cache hits in the second case where
the value had to be accessed from main mem-
ory twice in Program A. This simple instance

of loop fusion gives significantly faster perfor-
mance, and therefore a significant reduction of
power consumed.

5 Power Conservation Al-
gorithms

The definition of a power conservation algo-
rithm (as used in this paper) is a scheduling
algorithm that dynamically adjusts the volt-
age, and therefore clock speed, of a processor.
These algorithms should attempt to meet any
deadlines, but as a caveat with this sort of al-
gorithm we will consider all deadlines “soft”
rather than “hard” (explained below). This is
because switching clock speeds takes a certain
activation energy (computationally) so we dont
want state changes all the time and also we may
end up running too slow for too long. The other
motivation is that even if the average proces-
sor speed is low it doesnt mean the algorithm
minimized power consumption. Recall that the
performance vs. power is an exponential func-
tion. So in many cases it is actually better to
average a higher speed. Most processors that
support scaling the voltage have specific pre-
defined voltage/frequency combinations that it
can perform at. Research has shown that hav-
ing more than a small number of domains is
not significantly better than a continuous scale.
Figure 11 shows AMD’s report on how far cut-
ting back can help. There is a certain point
where the functional units, registers, and other
components become the dominant term of pro-



cessor consumption. So, often times the min-
imum speed that a processor can be set to is
greater than half its speed.

Power vs. Frequency

In AMD'’s process, for 200MHz frequency steps, two steps
back on frequency cuts power consumption by ~40% from
maximum frequency
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Figure 11: AMD shows that after a certain
point reducing the speed does not have a con-
tinued effect on power reduction.

As mentioned above, hard deadlines are
mission critical. A simple example of this is
that the embedded system in your car needs
to be able to finish the job that determines
whether or not you are crashing in time to de-
ploy the airbags. However, if the system takes
a bit longer to switch the tracks on your CD
then the system still continues to function ac-
ceptably. That would be a soft deadline. The
reason we have to consider this distinction is
that many embedded systems have hard dead-
lines, while deadlines on a desktop computer
are generally considered soft because we want
an average performance that is high.

5.1 A baseline

The Earliest Deadline First (EDF) algorithm is
the baseline algorithm for comparing schedul-
ing algorithms because it is optimal for pre-
emptive single-processors. This means that if
it is possible to schedule every task then EDF
will schedule them so that they all complete
prior to their deadlines. For periodic tasks this
means that so long at cpu utilization is upper

bounded by 100% then all jobs will be sched-
uled to complete on time. The disadvantage
to this algorithm is that in systems that have
higher than 100% utilization the behavior of
missed deadlines is unpredictable so it is not
typically used in real-time systems. Relating
this back to power conservation, there is a no-
tion of priority and “soft” deadlines that this
algorithm clearly does not include. However,
it is a very good baseline for comparing maxi-
mum power usage as it schedules everything as
soon as possible.

5.2 Tricks

The basic goal of most scheduling algorithms
is to take advantage of slack times. The slack
time is the idle time between jobs and their
deadlines as well as any potential idle time that
could be gained by delaying execution of jobs
with later deadlines.

Additionally, application specific optimiza-
tion is common in many embedded devices be-
cause most tasks are periodic and easily pro-
filed for specific optimizations. We won’t delve
deeply here as generic algorithms are of more
interest.

5.3 Fixed Priority Scheduling

For general power savings there is no a pri-
ort knowledge of the workload. This motivates
forming scheduling policies using dynamic volt-
age scaling to minimize power consumption in
real time in light of soft deadlines. As DVS
can reduce power usage quadratically relative
to performance decrease in the processor, it is
an important thing to consider.

5.3.1 Hard Real-Time

A method presented by Quan and Hu[15] im-
proves on the methods investigated in [16]. We
can compare this method to EDF as it is less



common in real-time systems because fixed-
priority scheduling is more practical due to
its low overhead and predicability. Two algo-
rithms are presented by this work given the as-
sumption that N is the number of jobs queued
to be scheduled. The basis of this work is by
the following statement of optimality:

THEOREM: Given a set of jobs starting at
to and to be completed by tq, the voltage sched-
ule that employs a constant voltage in [to, t1] is
necessarily and optimal schedule in the sense
that no other schedule consumes less energy to
complete the jobs in time.

They present and obvious method for de-
termining this minimum constant voltage with
an O(N?) algorithm. Although that sounds
pretty slow, remember that in a real-time sys-
tem the number of jobs queued up ideally is a
single digit number and so our required compu-
tation is not extreme. However, this algorithm
does not produce a voltage schedule because it
simplifies deadlines by finding the critical min-
imum interval. They extend the first algorithm
to find a schedule within O(N?). They show
that this schedule always saves more energy
than one that applies the minimum constant
speed when the processor is busy and shuts
down when idle (basic EDF). The results of this
algorithm show a modest improvement over ex-
isting algorithms. This is clearly a software ap-
proach and as such makes some assumptions
that are not necessarily true. First, most vari-
able voltage processors have only a small num-
ber of discrete speeds rather than ability to ad-
just on a continuous scale. Second, a proces-
sor can not be adjusted to “zero” consumption
during an idle time. Also, we must consider
the design complexity of scheduling code within
the OS. In worst case scenarios the overhead
induced by an O(N?) algorithm could be ex-
cessive compared to EDF. Unfortunately algo-
rithms that adjust the processor speed are ex-
clusive, so when considering these algorithms
we can not get a synergy by combining two.
The following algorithms presented are simpler

implementations that can be done within the
hardware and have a potentially smaller over-
head overall.

5.3.2 Soft Real-Time

The algorithm presented in [17] by Rusu, et
al. schedules jobs first come first serve (FCFS),
without preemption. It assumes that jobs are
presented to the system (or processor) as events
of a certain type with a deadline, D. In or-
der to eliminate over-computation of a voltage
schedule there are two cases where the proces-
sor speed may be changed: job completion and
job arrival. With these considerations, there a
number of potentially effective policies. Pre-
diction based schemes are dependent on how
well the workload can be predicted. An “ap-
plication oblivious” policy would only monitor
the system utilization, e.g. the CPU itself. As
a very simple single predictor this is an effec-
tive method that can be extended to monitor
other resources. Application aware prediction
monitors request inter-arrivals and processing
requirements. As many workloads are unpre-
dictable in general computing this method is
actually slightly less effective than the previous
policy due to either lag or overly aggressive re-
sponse. It also has a higher complexity factor.
The third prediction policy is reinforcement
learning, however the investigation done shows
that this is far too complex (since it requires
many variables to be tracked and processed) to
be as effective as the simpler prediction meth-
ods. The other option in contrast to prediction
based policies is stochastic algorithms. With-
out reporting all the details, a summary of this
method is to generate the probability distribu-
tion of request CPU cycles classified by some
granularity term. The benefit to this algorithm
is that it runs in O(B + M?) time where B is
the number of bins (range of cycle times) and
M is the number of speeds the processor can
be adjusted to (which is typically only 2-5).
This is a highly efficient algorithm because the



number of bins needed to be highly effective
is only on the order of 100. This method im-
proves over the application oblivious prediction
method by 15-30% on the applications tested
given a prediction period for updating of one
second. The stochastic method presented can
achieve up to a 20x savings in power compared
to no power management which is about an av-
erage of 50% better than the best prediction
method. The following two graphs show these
savings. Figure 12 shows around a 50% im-
provement in total power consumption by the
stochastic method over the application obliv-
ious method. Figure 13 compares no policy
management (assume EDF at max speed) ver-
sus the three algorithms: Application Oblivi-
ous, Application Aware, and Stochastic.
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Figure 12: Energy consumed in the Fvent Fx-
traction 81 minute trace (example program).

5.4 Dynamic Critical Path

A critical path of execution is one that if de-
layed will slow the progress of the application.
The following algorithm uses a critical path
predictor as presented in [18].

While it may seem intuitive that dynamic
information about instruction criticality can be
used for improved processor performance, it
may not be as clear that critical path infor-
mation can also be used to decrease power con-
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Figure 13: Comparison of the Soft Real-Time
DVS policies based on randomly generated dis-
tributions of request cycles (job times).

sumption within specific parts of the proces-
sor without a decrease in performance.[19] Re-
search demonstrates that you can effectively
“nice” non-critical instructions by executing
them through resources that are designed for
lower power rather than performance. There-
fore a section of the processor that uses less
dynamic power and higher threshold voltage
transistors can result in a tremendous power
reduction. The first reduction stems from the
fact that single cycle integer functional units
(FU) require a lot of circuitry to attain this
high performance. By reducing the single cycle
requirement on these units the power reduction
is not insignificant. The key is to then only ex-
ecute non-critical instructions on these “slow”
functional units. Second, they recommend al-
tering the instruction queue to reduce its size
and to consider critical and non-critical instruc-
tions separately.

To assess the power savings a number of as-
sumptions were made about the ratio of power
consumption between fast and slow functional
units as well as their idle usage. The faster unit
is assumed to consume 10% of its operational
power when idle and the slow unit 5% of its
non-idle. The last detail is that there needs
to be a critical path predictor table which will
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Figure 14: The ratio of IPC to functional unit
power for various FU configurations and vari-
ous assumptions about the power dissipation of
the slow units.

consume some amount of power. However, they
have shown that this table does not need to be
very large (1Kb is virtually as good as 64Kb).
This allows for each instruction to have a 1-bit
CP-predictor. Issue is then determined by that
predictor whether it will go to a fast or slow
functional unit. On a system with 6 functional
units it was found that the performance differ-
ence between zero and one fast functional unit
is more than half the difference between zero
and six fast units. The power savings of just
one fast unit versus all fast units is consider-
able, see Figure 14. This reduction to only one
fast unit is estimated to have an average per-
formance decrease of about 8%, but the power
savings can be from 25-75% depending on the
difference in consumption of a slower unit. The
only caveat to the performance is that if you
do not have a simple load balancing algorithm
then it is possible to degrade performance heav-
ily. A method presented for this uses a shift
register and improves performance on the criti-
cal predictor by 7% alone. They conclude that
a one fast 5 slow ratio is the best choice.

Allowing for a two queue system the com-
plexity and therefore power is reduced. How-

ever, to avoid complexities in this method of
scheduling the processor needs to issue the crit-
ical queue in order. This is a great power sav-
ings since the single issue (due to a single fast
unit) is very simple. This queue separation
has a miniscule performance reduction overall.
In conclusion, this critical path prediction has
the best impact on high-performance proces-
sors. However, we must remember that this
requires a change in the hardware which could
interfere with prior optimizations.

6 Green Computing Con-
clusions: Hardware, soft-
ware, or both?

The literature surveyed to investigate power
saving strategies with respect to modern mi-
croprocessors showed a very consistent theme.
Namely, hardware and software solutions are
usually intertwined. We have shown that there
are hardware only solutions that can optimize
the physicality of interconnects with respect
to power consumptions. We have also shown
that by optimizing code, there are opportuni-
ties to reduce the amount power consumed by
a program. In either of these scenarios, the
true realized power conservation is most likely
not as great as isolated simulations or theoret-
ical analysis predicts. Additionally, we should
hope that the isolated hardware or software
technocrat is leveraging this common knowl-
edge regarding power consumption to offer ef-
ficient end products to the largest extent pos-
sible. The most technically intriguing realm of
discovery in our survey was where software and
hardware interacted in concert towards the end
of power savings. In the end this showed that
hardware and software must play off each other
to maximize power savings. To illustrate this,
reconsider three power conservation strategies
with respect to the interplay between hardware
and software: the reduced memory access com-



piler strategy, the critical path strategy and
multiple clock domains.

The very nature of the reduced memory ac-
cess compiler strategy takes advantage of hard-
ware. Namely the efficient use of registers in
the hope of minimizing the number of cache
misses. [t was shown that this strategy can
save power not only through less use of main
memory and the long bus lengths therein, but
through the speed up of a program. This is a
strong example of how a software scheme is ac-
tually an exploitation of hardware based power
savings.

The critical path functional unit strategy
that was discussed also has strong interactions
between software and hardware. The algo-
rithmic determination through scheduling anal-
ysis of which instructions go to which func-
tional unit is clearly in the software regime.
The fact that we are discussing functional units
with different speeds is clearly in the hardware
regime. This shows that we are, in reality,
discussing a strategy that transcends the soft-
ware/hardware divide.

Lastly, reconsider multiple clock domains.
MCD strategies are widespread in many of the
commercially available modern microproces-
sors. This strategy depends heavily on algorith-
mic analysis of domain activities to determine
when and how much a domains clock/voltage
can be scaled down without impact to perfor-
mance. This condition certainly points out an
interplay between software (algorithmic analy-
sis and feedback) and hardware (domain clock
frequency /voltage control). Without one side
of the paradigm, the other would be ineffective.

It can therefore be surmised that any effort
to truly minimize microprocessor power con-
sumption should consider both hardware and
software angles. Not only is an effort in both
arenas more likely to succeed, but it also allows
for the paradigm of a fresh set of eyes propos-
ing better solutions to a problem”. By this
we mean that software centric engineers might
have valuable insights into hardware design and

visa versa. It can certainly be argued that hav-
ing collaborative efforts between engineers with
diverse training can lead to great innovations!
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