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1. Introduction

The strong emergence of battery operated, portable
devices has made power consumption one of the
most critical design constraints in modern proces-
sors. Apart from battery life, maintaining the proces-
sor at operable temperatures is becoming a cause for
concern as we approach the limits of air-cooling. Con-
siderable research has been done on trying to minimize
processor power consumption through hardware tech-
niques such as clock gating and voltage/frequency
scaling and software techniques that try to mini-
mize circuit switching. The primary goal of our re-
search is to identify software optimization techniques
for minimizing microarchitectural power consump-
tion.

Our initial idea was to minimize power through ac-
tivity factor reduction. For this we wanted to analyze
the instructions within basic blocks and identify se-
quences that consume high power. Transforming such
sequences through instruction re-ordering and substi-
tution will minimize the amount of switching, resulting
in a power reduction. Instruction substitution is a pro-
cess wherein, a high power instruction is replaced by
one or more low power instructions that are seman-
tically equivalent. For substitution, the power/energy
consumption data for each instruction of the ISA is
necessary. The lack of such data for the POWER archi-
tecture, prompted us to work on this first. Though ac-
curate power measurements can be achieved through
direct-measurement on real hardware, we used the Tu-
randot /PowerTimer simulator for our study due to re-
source constraints. Over the course of our study, it
was determined that the simulator does not model ac-
tivity factors but, instead relies on unit utilization
for its power model. This made the simulator unsuit-

able for our study. We were also simultaneously work-
ing on the alpha architecture, for which we had the
resources to directly measure power. While measur-
ing per-instruction power using synthetic executables,
we noticed that the processor power almost always de-
creases from its steady state value. We determined this
was due to the high power operations performed by the
OS in idle state. We modified the kernel and this re-
sulted in a 6.75W reduction in idle state power with
no visible performance impact. It was also deter-
mined that instruction (iword) induced activity factor
has very little effect on the overall processor power con-
sumption. Therefore, we have decided to refocus our
research to study speculation control and memory be-
havior improvements through better compilation of the
code. The knowledge that we have gained from our ear-
lier study will help us in achieving this goal. This
paper briefly describes the work done thus far and out-
lines our plans for future.

First, we wanted to determine the per-instruction
power profile for the POWER architecture. Work
done by Tiwari et. al. [1] on instruction-level power
and its applications suggests that providing a com-
piler with per-instruction power data is an important
step towards the generation of low-power executa-
bles. The paper describes a direct current measure-
ment technique for determining power consumption.
Due to resource constraints, we decided to use the
POWER architecture simulator rather than real hard-
ware for determining per-instruction power.

Pipeline gating work done by Manne et. al. [2] in-
spired us to consider speculation control as another av-
enue for power reduction. This technique tries to avoid
unnecessary work caused by the speculative execu-
tion of instructions at branches that are hard to



predict. Speculation control was achieved through gat-
ing the fetch stage of the pipeline. It is estimated that
flushed instructions account for over 6% of the to-
tal energy consumed in an Alpha 21264 [3]. We
planned to extend speculation control work into an op-
timization technique that could be used at compile
time, thereby avoiding any changes to the hard-
ware. If the hard-to-predict branches could be deter-
mined at compile time, these branches could be aug-
mented with low-power instructions such as NOP.
Doing so would ensure that the processor does not ex-
ecute high-power instructions that are eventually
flushed once the branch is resolved. The performance
loss of this technique should be negligible as specula-
tive execution is not helpful at those branches.

Reducing switching activity is another area that
has received a lot of research interest To mini-
mize the switching, earlier research proposed tech-
niques such using grey code for memory addresses
[4], better instruction scheduling methods [5, 4], ef-
ficient number representations [6] and relabeling
registers [7]. We planned to further study instruc-
tion re-ordering as a means to minimize the activ-
ity factor. Specifically, we also wanted to determine
whether there are certain commonly occurring in-
struction sequences in workloads that consume high
power. Finding a low power alternative such as, trans-
formation to an equivalent yet low-power instruc-
tion sequence would help reduce power. Knowl-
edge from this research would be used to incorporate
power-oriented optimization options into an exist-
ing compiler such as gce.

2. Experimental Infrastructure

We use the Turandot/PowerTimer simulator from
IBM for studying the POWER architecture and a di-
rect measurement technique for the Alpha architec-
ture. The details of each is described below:

Turandot/PowerTimer: Turandot is a microarchi-
tectural performance simulator for the POWER ar-
chitecture. The flexibility and inherent speed of the
simulator allows for a wide-scale design space ex-
ploration. Though primarily a trace-driven simula-
tor, it can be used in the execution-driven mode
using Aria which dynamically generates traces un-
der Turandot’s control. Aria however is supported
only on AIX. A power model was later added to
Turandot and the simulator was called Turan-
dot/PowerTimer. Power models derived from circuit
level simulations of POWERA4-like circuits are cou-

pled with the microarchitectural sub-unit utiliza-
tion data from the cycle-accurate simulator to esti-
mate the power consumption. The simulator does not
capture bit-level activity factor as it is believed to ac-
count for only a small percentage of the total dynamic
power consumption. We discovered this through ex-
perimentation. However, we expected the simulator
to model this since we were studying power consump-
tion at the instruction level.

Direct Measurement: This setup was used for
studying the power consumption of a Alpha 21264 pro-
cessor. A precision current-sense resistor (0.005€2) was
inserted in the processor power supply line of a Com-
paq AlphaServer DS10 motherboard. The voltage
drop across the resistor measured using a digital mul-
timeter, was used to determine the current flow and
hence the power consumption of the processor. Stan-
dard off-the-shelf Linux (kernel 2.4) and HP Tru64 op-
erating systems were studied. These OSes were started
in single-user, non-graphical mode.

3. Initial Experiments

Per-instruction power: During the code genera-
tion phase, optimizing compilers often select instruc-
tions that achieve the best performance. However, this
does not always results in a least-power code [1]. Pro-
viding the compiler with per-instruction power data
will enable it to pick instruction that are power eco-
nomical. In order to determine per-instruction power,
the PowerTimer simulator was modified to keep track
of the number of cycles and the difference in cu-
mulative core power between instruction fetch and
retire. Using this, the average core power for the du-
ration of the instruction execution can be deter-
mined. Apart from the instruction of interest, the total
core power is also affected by other in-flight instruc-
tions which can be in excess of 200 for the POWER4
architecture. Therefore, synthetic traces with the de-
sired instruction embedded in a stream of NOPs
was generated. This ensures a consistent pipeline
state when the instruction of interest is fetched. Ta-
ble 1 shows the average power consumed for a few in-
structions of the POWER architecture. Since the

Instruction | Cycles | Power (W)
ADD, SUB 14 25.77
FMUL 18 25.11
FDIV 41 23.38
LWZ 16 25.92
B 13 25.66

Table 1: Per-instruction power consumption for the
POWER architecture
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Figure 1: Correlation between average basic block size
and power consumed

simulator does not capture bit-line activity fac-
tors, the results are unaffected by the operand val-
ues. One interesting observation that can be made
from the table is that per-instruction power for float-
ing point instructions such as FDIV is lower than
that of other instructions. This is because such oper-
ations take more cycles to execute, thereby decreas-
ing the amount of work done in each cycle.

For the Alpha architecture, synthetic executables
with a single infinite loop containing multiple in-
stances of the instruction of interest were created. The
infinite loop ensures that a stable voltage measure-
ment can be obtained from the digital multimeter.
The loop body must be long enough to nullify the ef-
fect of the loop-terminating branch instruction and at
the same time should be short enough to avoid exces-
sive i-cache misses. Table 2 shows the per-instruction
power measurements for the alpha architecture.
Among the instructions studied, the NOP instruc-

Instruction | Power (W)
NOP 49.40
BGE 51.23

ADDQ 55.22
STL 59.31
LDQ 60.06

Table 2: Per-instruction power consumption for the Al-
pha architecture

tion was found to consume the least power while
the load quadword memory instruction, LDQ, con-
sumed the most power. Another interesting obser-
vation made through direct measurements is that
techniques such as minimal distance instruction en-
coding have very little effect on the overall power
consumption. For example, the difference in power con-
sumption between code sequences with zero and max-

imal inter-instruction bit transitions was observed to
be just 0.08W. Control over inter-instruction bit tran-
sitions was done through the register fields. Bit tran-
sitions on data had a more prominent effect on power.
For example, a difference of 0.2W in power consump-
tion was observed between two instruction sequences
of add instructions that worked on the same regis-
ters but had different contents.

Code, power characteristics: For the SPEC traces
provided by IBM, relationships between code charac-
teristics and power profiles were examined. For each
benchmark, a strong correlation between average ba-
sic block size and power consumed was observed. Fig-
ure 1 shows this correlation. The basic-blocks of the
benchmarks in the upper cluster of Figure 1 are ap-

proximately 4 times larger than those in the lower
cluster. Also, the branch mis-prediction rate of the up-

per cluster was half that of the lower cluster. This
causes the benchmarks in the upper cluster to less fre-
quently flush the pipeline thereby increasing uti-
lization of the various sub-units of the processor
resulting in a larger power consumption. We also an-
alyzed the instruction-mix in regions of benchmark
execution where large amounts of power was dis-
sipated. These regions are typically characterized
by load, store and floating-point multiply instruc-
tions.

OS power optimizations: The direct measure-
ment technique on the 21264 was used to study
the idle state power consumption of the Linux (ker-
nel 2.4) and HP Tru64 operating systems. Idle
state power is the power dissipated by the pro-
cessor when the OS finds no processes ready for
scheduling. This scenario is often encountered in sys-
tems predominantly running I/O bound jobs such as
email and web-browser wherein, the processes are of-
ten blocked waiting for 1/O. Laptops are typical ex-
amples of such systems. Reducing idle state power will
prolong battery life of such devices without compro-
mising performance. Under idle state, the Linux OS
dissipates 56.54W which is 3.3W lower than that of
Tru64 (59.84W). This difference in power can be at-
tributed to the operations performed by the OS in idle
state. The code executed by Linux under idle condi-
tion is shown below:

$idle:
1dq $1, 0($9)
bge $1, $idle # No ready process
invoke scheduler

The idle loop in Linux does a memory read which in-
dicates if any process is in ready state. This loop exe-
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Figure 2: L2 miss rate for static memory references for
the mcf benchmark.

cutes indefinitely until a ready process is found. From
table 2, the arithmetic mean of the power consumed by
the LDQ and BGE instructions is found to be 55.64W
which is close to the idle state power of the Linux OS.
LDQ is a high power instructions and therefore, de-
creasing its frequency of execution will considerably
decrease idle power. This was done by inserting sev-
eral NOP instructions in the idle loop, which resulted
in 6.75W reduction in power consumption. The only
down side to this modification is that scheduler activa-
tion is delayed by a few cycles after any process moves
to ready state. This however will be hardly noticeable
due to the relatively slow speed of I/O activities. For
CPU-bound jobs, no performance degradation was ob-
served.

4. Future Research Direction

The first phase of our research mainly focused
on gaining familiarity with the research infrastruc-
ture. The next phase will involve research pertain-
ing to compiler optimization to conserve power.
To achieve this, we plan to investigate the follow-
ing:

(1). Controlling speculative execution at hard-to-
predict branches. First, we will quantify the amount of
power wasted due to the execution of mis-speculated

instructions for the POWER architecture. Next, a
technique to identify hard-to-predict branches at com-
pile time will be identified. Power saving is achieved
by augmenting these branches with low-power instruc-
tions such as NOPs.

(2). Making the compiler cache aware. This is moti-
vated by the fact that certain static memory references
in an executable exhibit high cache miss rates. Fig-
ure 2 shows the L2 miss-rate of each static memory ref-
erence instruction that caused a L1 miss for the mcf
benchmark. Its is observed that 36% of the static ref-
erences have a >50% L2 miss rate. We want to focus
on techniques such as compiler directed prefetch-
ing, load re-ordering and data locality improve-
ments to reduce the power expended due to cache
misses.
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