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Abstract. The advance in semiconductor technologies has increased the
number of transistors on a die, resulting in the continuous improvement in
microprocessor performance. However, the increase in power consumption and
hence in power density is about to stop the progress in microprocessor
performance. While supply voltage reduction is commonly known as an
effective technique for power savings, it increases gate delay and thus causes
performance degradation. The increasing transistors can be utilized for
maintaining performance while reducing power consumption. We are
considering a speculative multithreaded execution on MultiCore processors. We
propose to execute only the part of the program, which has the impact on
program execution time, on power-hungry cores. In order to enable this, we
divide the instruction stream into two streams. One is called speculation stream,
which is the main part of a program and where speculation is applied. It is
executed on power-hungry cores. The other is the verification stream, which
verifies every speculation. It is executed on low-power cores. The energy
consumption is reduced by the decrease in the execution time in the speculation
stream and by the low-power execution in the verification stream. We call this
technique Contrail architecture. The paper will present the energy efficiency of
a Contrail processor based on detailed simulations.
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1 Introduction
The current trend towards increasing mobile devices requires high-performance and
low-power microprocessors. Generally, high performance and low power conflict
with each other and it is very difficult to achieve both high performance and low
power simultaneously. While power is already the first-class design constraint in
embedded systems, it has also become a limiting factor in general-purpose
microprocessors, such used in data centers.
The energy consumed in a microprocessor is the product of its power consumption
and execution time. Thus, to reduce energy consumption, we should decrease either or
both of them. As commonly known, for CMOS circuits, a power-supply reduction is
the most effective way to lower power consumption. However, it increases gate delay,
resulting in a slower clock frequency. That means processor performance is
diminished. In order to keep transistor switching speed high, it is required that its
threshold voltage is proportionally scaled down with the supply voltage.
Unfortunately, however, lower threshold voltage leads to increase subthreshold
leakage current. Maintaining high transistor switching speeds through low threshold
voltage gives rise to a significant amount of leakage power consumption.
In order to achieve both high performance and low power simultaneously, we can
exploit parallelism [3]. 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. MultiCore processors are one of the solutions for high
performance and low power and they have been already adopted in embedded
microprocessors [6, 12, 21, 24]. Thread level parallelism is utilized for power
reduction with maintaining processor performance [6]. In this paper, we propose an
energy-efficient speculative MultiCore processor.

2 Contrail Processor Architecture
The advance in semiconductor technologies has increased the number of transistors
on a die, as known as Moore’s law. We propose to utilize the increasing transistors in
order to maintaining processor performance while reducing its power consumption.
The key idea is to execute only the part of a program, which has the impact on the
program execution time, with high power. We divide the execution of the program
into two instruction streams. One is called speculation stream and is the main part of
the execution. We utilize speculation to skip several regions of the stream to reduce
its execution time. In other words, the number of instructions in the speculation
stream is reduced from that in the original execution. While it is executed with high
power, the small number of instructions and hence the short execution time result in
energy reduction. In contrast, the other stream is called verification stream and
supports the speculation stream by verifying each speculation. Since the verification
stream just performs verifications, which will not have much impact on the program
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execution time, it can be executed slowly. We reduce the clock frequency and hence
the supply voltage delivered to the verification stream. From these considerations, its
energy consumption is significantly reduced. We coined this technique Contrail
architecture [20].
2.1 Contrail – a Speculative MultiCore Processor
We realize Contrail architecture on a MultiCore processor. Each stream is executed as
an independent thread on the MultiCore processor. Each processor core has its own
clock and power supply, and works at the variable clock frequency and supply voltage
[7, 8, 10]. The speculation stream is executed on a power-hungry core at high clock
frequency, and the verification stream is executed on low-power cores at low clock
frequency. If misspredictions do not occur frequently, we expect a considerable
amount of power reduction. When a missprediction occurs in the speculation stream,
it is detected by the verification stream. All threads from the missprediction point to
tail, including the speculation stream and any verification streams, are squashed, and
processor state is recovered by the verification stream that detects the missprediction.
And then, the verification stream becomes the speculation stream. In the cases, the
additional power is consumed regarded as missprediction penalties.
time
instructions

easily predictable regions

(a) original execution flow
speculation stream
squash
missprediction
spawn new
thread

verification stream

squash
(b) Contrail processor (4 cores)

Fig. 1. Execution on a Contrail processor

Fig. 1 explains how a program is executed on a Contrail processor. In this
explanation, we assume that half of the regions in the original execution flow is easily
predictable and is distributed uniformly as explained in Fig. 1(a). This is a reasonable
assumption, since Pilla et al. [17] reported that approximately 60% of dynamic traces
can be reused with the help of the value prediction. We also assume the clock
frequency for the verification cores at half that for the speculation core. Under these
assumptions, the execution is divided into speculation and verification streams in the
Contrail processor as depicted in Fig. 1(b). The predicted regions are removed from
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the speculation core, and are moved into and hence are executed in the verification
cores. Determining trigger points is based on the confidence information obtained
from the value predictor. That is, thread partitioning is dynamically performed by
hardware without any assistance of compilers. When an easily predictable region is
detected, the head thread spawns a new speculation stream on the next core and it
turns into a verification stream. That means only one core executes the speculative
stream and the other cores execute the verification stream in a distributed manner.
One of the possible implementations of the Contrail processor is a ring-connected
MultiCore processor such as MultiScalar architecture [9], as shown in Fig. 2. Each
verification stream stays alive until all instructions in the corresponding region
removed from the speculation stream are executed. After that, the verification core is
released for the future speculation stream.

I$ VP

I$ VP

I$ VP

I$ VP

Data
path

Data
path

Data
path

Data
path

D$

D$

D$

D$

Vdd/Clk

Vdd/Clk

Vdd/Clk

Vdd/Clk

Fig. 2. Contrail processor

We should consider the cost of spawning a new thread. If it is larger than the cost
of verifying a value prediction on a single-threaded processor, the MultiCore
implementation is not a good choice. However, from the following observations, we
determined to adopt the multithreaded MultiCore processor model rather than the
single-threaded one. In the single-threaded model, only datapath alternates between
high-speed and low-speed modes. The other blocks, especially instruction-supply
front-end, should be always in high-speed mode. This reduces the efficiency of the
variable voltage and frequency scaling technique. On the other hand, every
component of each processor core can alternate two modes in MultiCore model, and
thus the improvement in energy efficiency is expected.
2.2 Active Power Reduction
As shown in Fig. 2, each core has its dedicated voltage/frequency controller and value
predictor. The potential effect of the Contrail processor architecture on energyefficiency is estimated as follows: We determine the clock frequency and supply
voltage for the verification cores at half that for the speculation core as used in Fig. 1.
Here, we will focus on active power, and thus energy consumption is calculated as
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follows: For the speculation cores, energy consumption becomes half that of the
original execution since the number of instructions is reduced by half. In contrast, for
the verification cores, the sum of every execution time remains unchanged since the
execution time of each instruction is two times increased while the total number of
instructions is reduced by half. Its energy consumption is decreased due to the
reduction of the clock frequency and the supply voltage. It is reduced to 1/8 of the
original. Thus, the total energy savings is 37.5%. It is true that the energy efficiency
of Contrail processors depends on the value prediction accuracy and the size of each
region. However, we believe that the potential effect of Contrail processors on energy
savings is substantial from the estimate above.
Recent studies regarding power consumption of value predictors find that complex
value predictors are power-hungry [1, 16, 19]. One of the solutions for reducing
power consumed in value predictors is using simple value predictors such as lastvalue predictor [15, 19]. However, value prediction is not the only technique for
generating speculation stream. Other techniques are probably utilized for this purpose,
and the key idea behind the Contrail architecture will be adopted.
2.3 Leakage Power Consideration
While the Contrail processor architecture has good characteristics on active power
reduction, its leakage power consumption might be increased since it has multiple
cores. As mentioned in the previous sections, only one core has to be fast and the
remaining cores can be slow. Thus, we can reduce or even cut the supply voltage for
the slow cores. Similarly, the threshold voltage of transistors for the slow cores can be
raised, resulting in significant leakage reduction. There are several circuits proposed
to reduce leakage current by dynamically raising the threshold voltage, for example
by modulating body bias voltage [2, 13, 25]. From these considerations, we expect to
keep the leakage power consumed by the Contrail processor comparable to or even
smaller than that consumed by a single-core processor.
2.4 Related Works
Speculative multithreading [5, 9, 18, 22, 26] is very popular in microprocessor
architecture. One of the differences from the previously proposed speculative
multithreaded processors is that the Contrail processor does not require any
mechanism to detect memory dependence violations. Since the Contrail processor
strongly relies on value prediction, any memory dependence violations cannot occur.
Instead, it suffers from value misspredictions. This simplifies hardware complexity.
This is because value misspredictions can be detected locally in a core, while
detecting memory dependence violations requires a complex mechanism such as ARB
or Versioning Cache [9]. Another difference from the previously proposed precomputing architectures [22, 26] is that the Contrail processor architecture does not
rely on redundant execution. In the ideal case, the number of executed instructions is
unchanged. Another difference is that its target is the improvement in energy
efficiency instead of that in performance.
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3 Evaluation
This section explains evaluation methodology, and then presents simulation results.
3.1 Methodology
We implemented the Contrail processor simulator using MASE [14], a derivative of
SimpleScalar tool set. Its PISA instruction set architecture (ISA) is based on MIPS
ISA. The baseline processor and each core in the Contrail processor are a 2-way outof-order execution processor. Only fetch bandwidth is 8-instruction wide. The number
of cores on the Contrail processor model is 4. In the current simulator, the followings
are assumed. Instruction and data caches are ideal. Branch prediction is perfect.
Ambiguous memory dependences are perfectly resolved. In contrast, we model a
value predictor in details. We use a 2K-entry last-value predictor [15]. For thread
spawning policy, the fixed interval partitioning [5] is used, because it does a good job
with load balance. The interval is 32 instructions. This value is determined based on
the previous study [23]. The overhead on spawning a new thread is 8 cycles.
We evaluate a scaling for supply voltage and clock frequency based on Intel
Pentium M processor [10]. The verification cores work at lower frequency and
voltage (800MHz, 1.036V), and the speculation core and the baseline processor work
at higher frequency and voltage (1.6GHz, 1.484V). Since leakage power strongly
depends upon temperature, we should use a pessimistic assumption. We use
temperature of 100°C, where the leakage power is equal to the active power [4]. This
is a reasonable assumption, since it is reported that the leakage power is comparable
to the active power in the future process technologies [2]. The verification cores
exploit the body bias technology. It is assumed that the leakage power consumed by
the cores, where reverse body bias is applied, is reduced by 2x [2]. And last, we
assume that the leakage power consumed by idle cores is negligible.
We use 11 programs from SPEC2000 for evaluating general-purpose applications,
13 programs from MediaBench for multimedia application, and 3 programs from
MiBench [11] for embedded applications.
3.2 Results
We only show the average of simulation results for three benchmark suites,
respectively, due to the lack of space.
Fig. 3 presents execution cycles of the Contrail processor, which are relative to
those of the baseline single-core processor. Last-value predictors have only a few
contributions on single-core processor performance [15]. This is same for the Contrail
processor, while performance improvement is not the goal of this architecture. The
combination of value prediction and multithreading architecture achieves the
improvement of around 10% in performance.
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Fig. 3. Relative execution cycles

Fig. 4 presents the relative power consumption. Each bar is divided into two parts.
The lower and upper parts indicate the average active and leakage power, respectively.
As you can see, power consumption is slightly increased. This is because the
execution cycle is reduced by speculation. From Figs 3 and 4, it is observed the cycle
reduction rate is larger than the power increase rate. Thus, energy consumption is
reduced. The results are very different from those for other low power architectures,
which achieve power reduction at the cost of performance loss.
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Fig. 4. Relative power consumption

Fig.5 shows Energy-Delay2 product (ED2P). The vertical line indicates ED2P of the
Contrail processor relative to that of the baseline single-core processor. It is observed
that the improvement of 23% in ED2P is achieved on average. As mentioned above,
the missprediction penalties are included in the results.
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Fig. 5. Relative energy-delay2 product

Fig. 3 shows that the Contrail processor achieves performance improvement, which
is not our primary goal. Since performance improvement is not required, we can still
slow down clock frequency, resulting in further power reduction. This is a
hierarchical frequency scaling. A global control signal uniformly throttles every local
clock, which originally has two modes; high-speed mode for the speculation core and
the low-speed one for verification cores. Since the hierarchical change in supply
voltage will be difficult to implement, we only change clock frequency. Under this
scenario, power consumption is reduced as shown in Fig. 6, if we could ideally
control the global clock. While this technique does not affect energy, the power
reduction is desirable for temperature awareness.

4 Conclusions
The current trend of the advance in semiconductor technologies will impose the
diminishing return in single-thread performance since a huge amount of the increase
in power consumption and hence in power density is predicted. Multithreading and
dual-power functional units will be promising techniques to reduce energy in the
future microprocessors [18]. We proposed such an energy-efficient speculative
MultiCore processor, which we call Contrail processor. It exploits thread level
parallelism, resulting in mitigating performance loss caused by the supply voltage
reduction. Only the part of the program, which has the impact on program execution
time, is executed on power-hungry cores. From the detailed simulations, we found
that the Contrail processor achieves approximately 23% of ED2P savings while
processor performance is slightly improved.
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Fig. 6. Further power reduction via frequency control
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