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1 Introduction
Current trend of increasing popularity of portable

and mobile computer platforms such as notebook PCs
and smart cell phones is a driving force to investi-
gate high-performance and energy-e�cient micropro-
cessors. For example, Java-2 MicroEdition (J2ME)
works on cell phones. We can download a game and
play it on our cell phone. Travellers guide and 
ight
ticket reservation are available. Furthermore, mobile
banking and trading are also provided. As computing
power of mobile device increases, its energy e�ciency
becomes a �rst class design constraint. It is important
to note that energy consumption is more important
for mobile devices than power consumption because it
decides the lifetime of batteries.

The energy consumed in a microprocessor is the
product of its active power and execution time. Thus,
to reduce energy consumption, we should decrease
both of or either of them. The active power Pactive

and gate delay tpd of a CMOS circuit are given by
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where f is clock frequency, Cload is load capacitance,
Vdd is supply voltage, and Vth is threshold voltage of
the device. � is a factor depending upon the carrier
velocity saturation and is about 1.3{1.5 in advanced
MOSFETs [3]. Based on Eq.(1), it is easily found
that power supply reduction is the most e�ective way
to lower power consumption. However, Eq.(2) tells
us that supply voltage reduction increases gate delay,
resulting in slower clock frequency. And thus, com-
puting performance of microprocessor is diminished.

In order to mitigate the performance loss, we can
exploit parallelism [1]. Two identical circuits are used
in order to make each unit to work at half the original

frequency while the original throughput is maintained.
Since the speed requirement for the circuit becomes
half, the supply voltage can be decreased. In this case,
the amount of parallelism can be increased to further
reduce the total power consumption. In this paper, we
propose to utilize another kind of parallelism, which
is thread level parallelism, for energy reduction with
maintaining processor performance.

2 Contrail Processor Architecture

To reduce the energy consumption, we divide an
execution of an application into two streams [6]. One
is called speculation stream and consists of the main
part of the execution. However, it exploits trace level
value prediction [5], and thus several regions of the
execution are skipped. In other words, the number of
instructions in the speculation stream is smaller than
that in the original execution, resulting in energy re-
duction. In contrast, the other stream is called veri�-

cation stream and supports the speculation stream by
verifying each data prediction. The key idea is that the
veri�cation stream can execute slowly if the data pre-
diction accuracy is considerably high. We can reduce
the clock frequency of the datapath for the veri�ca-
tion stream. Furthermore, the supply voltage is also
reduced. From these consideration, its energy con-
sumption is signi�cantly reduced.

Each stream executes as a thread on a simultane-
ous multi-threading processor [2, 8], whose execution
core consists of dual speed pipelines. The specula-
tion stream is dispatched into a high-speed pipeline
(speculation pipeline) and the veri�cation stream is
dispatched into a low-speed and low-supply-voltage
pipeline (veri�cation pipeline). In the ideal case, that
means there are no misspredictions, the speculation
stream �nishes silently and waits for the veri�cation
process. In the case where a missprediction occurs,
the execution of the speculation stream is squashed



at the point where the missprediction is detected and
processor state is recovered by the veri�cation stream.

We call this Contrail Processor Architecture. What
is a contrail ? A contrail is the condensation trail that
is left behind by a passing jet plane. The speculation
stream runs ahead just like a jet plain, and the veri�-
cation stream is left behind by the speculation stream
and fades away just like a contrail. One of the dif-
ferences from the previously proposed pre-computing
architectures [4, 7] is that the contrail processor ar-
chitecture does not rely on redundant execution. In
the ideal case, the number of instructions executed is
unchanged. Another is that its target is improving
energy e�ciency instead of improving performance.

The potential of the contrail processor architecture
on energy-e�ciency is estimated as follows. We decide
that clock frequency and supply voltage for the veri-
�cation pipeline are half of those for the speculation
pipeline. Assuming that half of the original execu-
tion of an application is ideally predicted and is dis-
tributed uniformly as explained in Figure 1(a), the ex-
ecution is divided into the speculation and veri�cation
streams on a contrail processor with three contexts (1
and 2 for the speculation and veri�cation streams re-
spectively) as depicted in Figure 1(b). The predicted
regions are skipped in the speculation stream and ex-
ecute in the veri�cation streams with enlarging their
execution time. Energy consumption is calculated as
follows. For the speculation stream, it becomes half
of the original execution since the number of instruc-
tions reduced by half. In contrast, for the veri�cation
streams, the sum of every execution time remains un-
changed since the execution time of each instruction
increases by double while the total number of instruc-
tions reduced by half. Its energy consumption is de-
creased by the reduction of the clock frequency and the
supply voltage. Based on Eq.(1), it is reduced to 1

8
.

Thus, total energy savings is 37.5%. In addition, the
application gains higher performance. On the other
hand, when the contrail processor has only two con-
texts, the execution time becomes slightly longer as
explained in Figure 1(c). In this model, every thread
constructing the veri�cation stream is kept in a FIFO
queue when it can not obtain its dedicated context. It
is true that the e�ectiveness of the contrail processors
(energy savings) depends on the value prediction accu-
racy and the size of each predicted region. However,
we have con�rmed that the potential of the contrail
processors on energy saving is substantial.

3 Summary
In this paper, we proposed an energy-e�cient pro-

cessor architecture based on value prediction and

time
instructions
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Figure 1: Execution on a contrail processor

multi-threading techniques. These techniques exploit
thread level parallelism, resulting in mitigating perfor-
mance loss due to the supply voltage reduction. From
preliminary estimation, the proposed architecture has
a potential of approximately 40% energy savings with
maintaining processor performance.
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