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Abstract

Power consumption is becoming one of the most
important constraints for microprocessor design n
nanometer-scale technologies. Device engineers, cir-
cutt designers, and system architects are faced with
many challenges. In the area of mobile and embed-
ded computer platforms, power has already been a ma-
jor design constraint. However, it is also a limit-
g factor in general-purpose microprocessors. In or-
der to manage the impact of increasing microproces-
sor power consumption, some architectural-level tech-
niques are required as well as circuit-level design im-
provements. This paper proposes criticality-based in-
struction scheduling and Contrail processor architec-
ture, which utilize the criticality of instructions, and
demonstrates their effectiveness.

Keywords: energy reduction, dual-voltage pipeline,
critical path prediction, contrail processors, power es-
timation

1 Introduction

The increasing popularity of portable and mobile
computer platforms such as laptop PCs and smart cell
phones is a driving force in the investigation of high-
performance and power-efficient microprocessors. For
example, modern embedded microprocessors support
out-of-order execution [9]. As the computing power of
microprocessors for mobile devices increases, however,
their power consumption also increases. In addition,
while power 1s already a major design constraint in the
area of mobile and embedded computer platforms, it
has also become a limiting factor in general-purpose
MIiCTOpProcessors.

The energy consumed in a microprocessor is the
product of its active power and execution time. Thus,

to reduce energy consumption, we should decrease ei-
ther or both of them. The active power P,.;,. and
gate delay t,4 of a CMOS circuit are given by

Pactive = fCloadVdZd (1)
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where f is clock frequency, Clyqq 18 load capacitance,
Vaa 1s supply voltage, and Vip 1s the threshold voltage
of the device. « is a factor depending upon the carrier
velocity saturation and is about 1.3-1.5 in advanced
MOSFETs [7]. Based on Eq.(1), it is easily found
that power supply reduction is the most effective way
to lower power consumption. However, Eq.(2) tells us
that supply voltage reduction increases gate delay, re-
sulting in a slower clock frequency. Thus, the comput-
ing performance of the microprocessor is diminished.

In order to mitigate the performance loss, we can
exploit information regarding circuit criticality. De-
sign tradeoffs can be achieved using many device-level
techniques such as transistor size optimizations [6],
multiple supply voltages [22], and multiple thresh-
old [24] approaches. Power reduction without perfor-
mance loss is achieved by selecting non-critical paths
as candidates for low-power design. In other words,
performance-oriented design is used only in speed-
critical paths. The same philosophy can be applied
to architectural-level design. We can exploit dynamic
information regarding instruction criticality in order
to reduce power. We predict critical sections and se-
lectively attack non-critical ones for the sake of lower-
ing power consumption. Furthermore, we aggressively
create non-critical instructions, and thus the efficiency
of power reduction is improved. This paper introduces
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Figure 1: Data flow graph

Contrail processor architecture [16] as a promising so-
lution in high-performance and energy-efficient micro-
processor design.

The reminder of this paper is organized as follows:
Section 2 explains how energy consumption is reduced
by critical path prediction. Section 3 describes the
Contrail processor architecture. Finally, Section 4 pro-
vides our conclusions.

2 Energy Reduction via Critical Path
Prediction

As explained in the previous section, we exploits
dynamic information regarding instruction criticality
in order toreduce power. This is based on critical path
prediction [5,21]. In this section, we describe how to
reduce power using the critical path prediction.

2.1 Architecture overview

Figure 1 is a data flow graph, where each node rep-
resents an instruction and each arc represents a de-
pendence between instructions. When we assume that
every execution latency is 1 cycle, it 1s easily observed
the instruction path that determines the execution cy-
cle of these instruction flows consists of instructions
{10, I2, I5, I8, I8, I19}. This is the critical path.

In contrast, instructions I1, I3, I4, and I7, which
we call non-critical instructions, do not determine the
execution cycle, and thus their latency can be in-
creased without affecting the execution cycle. This
is the key observation of our proposal. If we can find
non-critical instructions dynamically, they can be ex-
ecuted on slow functional units whose supply voltage
is low. In summary, only critical instructions are dis-
patched into fast and power-hungry functional units,
while non-critical ones are dispatched into slow and
power-efficient units. Since it is expected that the ex-
ecution cycle is not increased, energy consumption will
be reduced.

In order to find non-critical instructions dynami-
cally, we use a critical path prediction (CPP) buffer
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Figure 2: Critical path prediction buffer

[21]. Originally, the CPP buffer was proposed for im-
proving processor performance. In this paper, we ex-
ploit the critical path predictability for the sake of en-
ergy reduction. The CPP buffer is a table and resem-
bles caches, as shown in Figure 2. It is indexed by the
program counter with each entry having a saturating
up-down counter. When an instruction is identified
as critical, its corresponding counter is incremented.
Otherwise, it is decremented. When the counter value
exceeds a threshold value, the instruction is predicted
as critical. The counter length and the values sizes
are dependent upon implementations. When the in-
struction is predicted as critical, it is dispatched into
a fast and power-hungry functional unit. Otherwise,
it is executed on a slow and power-efficient unit.

2.2 Methodology

We implemented a timing simulator using the Sim-
pleScalar/Alpha tool set [2]. The baseline model is an
out-of-order execution superscalar processor based on
the register update unit [17], and its configuration is
summarized in Table 1. The fast functional units can
execute most integer operations in one cycle as shown
in Table 1, and the slow functional units execute op-
erations in two cycles. We will evaluate pipelined and
non-pipelined slow units. The former can maintain
the same throughput as that of the fast units. The
latter diminished the throughput by half. We assume
that the increase in power due to extra latches in the
pipelined units is a factor of 1.15 [4].

We use Tune’s critical path predictor [21]. Tt has a
direct-mapped table of 6b saturating up-down coun-
ters. When an instruction is identified as critical ac-
cording to the QOLD heuristic [21], its associated



Table 1: Processor configuration

Fetch Bandwidth
Branch Predictor

Insn. Windows
Issue Width
Commit Width
Functional Units
Latency
(total/issue)
Register Files
Insn. Cache

8 instructions

1K-set 4-way set-associative BTB, 4K-entry 8-history-length gshare predictor,
64-entry return address stack, 6-cycle miss penalty, updated at commit stage
64-entry instruction queue, 64-entry load/store queue

8 instructions

8 instructions

6 Int, 3 FP, 4 Ld/St

IALU 1/1, iMUL 8/1, iDIV 32/1, fADD 4/1, f{CMP 4/1, f{CVT 4/1, fMUL 4/1,
DIV 32/1, {fSQRT 32/1, Ld/St 2/1

32 32-bit Int registers, 32 32-bit FP registers

64KB, 2-way, 64B blocks, 18-cycle miss penalty

Data Cache 64KB, 2-way, 64B blocks, 4-port, write-back, non-blocking load, hit under miss,
18-cycle miss penalty
L2 Cache unified, IMB, 4-way, 64B blocks, 80-cycle miss penalty
CPP Buffer 6b up-down counter, 48 on critical, -1 on non-critical, threshold = 8
51 Ofast/6slow 51 Ofast/6slow
1fast/5slow 1fast/5slow

4 - | Il 2fast/4slow
Il 3fast/3slow
3 [ | W 6fast/Oslow

gzip vpr gcc crafty parser eon vortex bzip2

(i) pipelined

4 - | I 2fast/4slow

3 [ | Wl 6fast/Oslow

Il 3fast/3slow

gzip vpr gcc crafty parser eon vortex bzip2

(ii) non-pipelined

Figure 3: Instructions per cycle (64K)

counter is incremented by 8. Otherwise, it i1s decre-
mented by 1. The counter threshold at which an in-
struction is predicted as critical is set to 8. These
numbers follow Tune et al.’s study.

2.3 Results

Figure 3 shows processor performance when a 64K
entry CPP buffer is used. We use committed instruc-
tions per cycle (IPC) as a metric for evaluating perfor-
mance. We evaluate five variations, each of which has
various combinations of a total of 6 functional units.
For each group of five bars, the first one is for the
model that has 6 slow units and the last one is for the
model that has 6 fast units. The figure shows the con-
figurations of the remaining bars. As explained above,
we use two types of slow units. One is the pipelined
unit and the other i1s the non-pipelined one. Figure
3(i) shows the results when slow units are pipelined,
and Figure 3(ii) shows the results when slow units

are not pipelined. It is easily observed that proces-
sor performance is significantly diminished when all
functional units are replaced by slow units. However,
except in the case of 256.bzip2, the configuration of
2fast/4slow has comparable performance with the
baseline configuration.

Because we are interested in energy efficiency, exe-
cution cycles are a more useful metric than IPC. Fig-
ure 4 shows the percent increase of execution cycles
when the 64K entry CPP buffer is used. For exam-
ple, in the case of 164.gzip, the processor model
1fast/5slow 18 1.5 times slower than the baseline
model. Figure 4 gives us a different impression from
Figure 3. It is observed that 3 fast units are required
in order to mitigate the performance degradation. In
this case, processor performance is diminished by ap-
proximately 10% on average. Hence, we will use 3 fast
functional units in the rest of this paper, except when
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Figure 5: %Increase of execution cycles (64K)

specified otherwise. When we compare the pipelined
and non-pipelined slow units, the latter seems to have
serious impact on execution cycles. However, when 3
fast units are used, the difference is insignificant as
shown in Figure 5.

We now consider the influence of the number of
the CPP buffer entries on execution cycles. Figure 6
shows the results when the number of the CPP buffer
entry is reduced from 64K to 32K, 16K, 8K, and 4K.

As can be easily observed, the influence is insignificant
for the most cases. Thus, we will use a 4K entry CPP
buffer in the rest of this paper, except when specified
otherwise.

Next, we study how frequently the slow units are
used. Figure 7 presents the percent distribution of
dispatched functional units. We show 3 processor
configurations, which are 1fast/5slow, 2fast/4slow,
and 3/fast/3slow. Each bar is divided into four
parts. The bottom part indicates the percent of in-
structions that are predicted to be non-critical and
are dispatched into the slow units (NS). The next indi-
cates that of instructions that are predicted to be crit-
ical and are dispatched into the slow units (€S). The
next bar is for the instructions that are predicted to be
non-critical and are dispatched into the fast units (NF).
The top bar indicates the percent of instructions that
are predicted to be critical and are dispatched into the
fast units (CF). As the sum of NS and CS is relatively
larger, power consumption is reduced. However, ex-
ecution cycles increase according to CS, resulting in
a possible increase of energy consumption. On the
other hand, large NF diminishes power efficiency. In
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Figure 8: %Distribution of dispatched units (3fast/3slow)

summary, large NS and small CS and NF are expected.

First, as can be easily observed, as the number
of the slow units increases, CS increases, resulting in
performance degradation. This confirms the results
shown in Figures 3 and 4. Second, when we use the
non-pipelined slow units, NF becomes large. Because
the non-pipelined units have low throughput, more
units are required for non-critical instructions. And
last, in the case of the 3fast/3slow configuration,
approximately 50% of instructions are dispatched into
the slow functional units on average.

Figure 8 shows the influence of the number of the
CPP buffer entries on the distribution, indicating that
it 1s less significant than processor configuration.

Figure 9 presents the energy reduction of functional
units. In this evaluation, we assume that both the
clock frequency and the supply voltage for the slow
units are half of those for the fast units. Therefore, the
power consumption of the pipelined and non-pipelined
slow units 1s % + 1.15 and % of that of the fast units.
Because execution cycles increase in general, energy

reduction does not match power reduction. One of

50

I pipelined W non-pipelined
40 E

30 b

10 b

crafty parser eon vortex bzip2 average

gzip vpr gce

Figure 9: %Energy reduction of functional units

(3fast/3slow/4K)

the interesting observations is that the energy effi-
ciency of the pipelined units is better than that of the
non-pipelined units, while the power reduction of the
pipelined units is smaller than that of non-pipelined
units. This 1s because performance degradation is in-
significant due to the units’ unchanged throughput.
Anyway, the energy consumption of functional units




can be reduced by approximately 37% and 31% on av-
erage in the cases of the pipelined and non-pipelined
units, respectively. Hence, 1t is confirmed criticality-
based instruction scheduling based on critical path
prediction is effective for energy reduction.

3 Contrail Processor Architecture

Because power efficiency is limited when we exploit
only critical-path information, we aggressively create
non-critical instructions in order to reduce the energy
consumption. We call the structure of this technique
Contrail processor architecture, a contrail being the
trail of condensation left behind by a passing jet air-
plane. The reason for this analogy will be explained
in the following explanations.

3.1 Architecture overview

In the Contrail, we divide an execution of an ap-
plication into two streams. One is called the specula-
tion stream and consists of the main part of the exe-
cution. However, it exploits trace-level value predic-
tion [11,13], and thus several regions of the execution
are skipped. In other words, the number of instruc-
tions in the speculation stream is smaller than that in
the original execution, resulting in energy reduction.
In contrast, the other stream is called the wverifica-
tion stream and supports the speculation stream by
verifying each data prediction. The key idea is that
the trace-level value prediction translates each criti-
cal path into a non-critical one and we move it from
the speculation stream into the verification stream.
Hence, the verification stream can execute slowly if
the data prediction accuracy is considerably high. We
can reduce the clock frequency of the datapath for the
verification stream. Furthermore, the supply voltage
is also reduced. From these considerations, its energy
consumption is significantly reduced.

Each stream executes as a thread on a simultaneous
multi-threading processor [8,20] or a chip multipro-
cessor [10,19], whose execution core consists of dual
speed pipelines. The speculation stream is dispatched
into a high-speed pipeline (speculation pipeline) and
the verification stream is dispatched into a low-speed
and low-supply-voltage pipeline (verification pipeline).
In the ideal case, that means there are no misspre-
dictions; the speculation stream finishes silently and
waits for the verification process. In the case in which
a missprediction occurs, the execution of the specu-
lation stream is squashed at the point where the mis-
sprediction is detected and processor state is recovered
by the verification stream.

This technique 1s called Contrail architecture, be-
cause the speculation stream runs ahead just like a
jet plane, and the verification stream is left behind by
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Figure 10: Execution on a contrail processor

the speculation stream and fades away in the man-
ner of a contrail. One of the differences between this
architecture and previously proposed pre-computing
architectures [12,18] is that the contrail processor ar-
chitecture 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 of energy efficiency instead of the im-
provement of performance.
3.2 Energy savings

The potential effect of the contrail processor ar-
chitecture on energy-efficiency is estimated as follows:
We determine the clock frequency and supply voltage
for the verification pipeline at half those for the spec-
ulation pipeline. We assume that half of the original
execution of an application is ideally predicted and
is distributed uniformly as explained in Figure 10(a).
This is a reasonable assumption, since it has been re-
ported that 59% of dynamic traces can be reused with
the help of the value prediction [11]. Under this as-
sumption, the execution is divided into speculation
and verification streams in a contrail processor with
three contexts (1 and 2 for the speculation and ver-
ification streams, respectively) as depicted in Figure
10(b). The predicted regions are skipped in the spec-
ulation stream and execute in the verification streams
while enlarging their execution time. Energy con-
sumption is calculated as follows: For the specula-
tion stream, energy consumption becomes half that of
the original execution since the number of instructions
is reduced by half. In contrast, for the verification
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Figure 11: (%) Energy reduction on Contrail

streams, the sum of every execution time remains un-
changed since the execution time of each instruction
increases doubly while the total number of instruc-
tions 1s reduced by half. Its energy consumption is
decreased by the reduction of the clock frequency and
the supply voltage. Based on Eq.(1), it is reduced to %.
Thus, the total energy savings is 37.5%. In addition,
the application achieves higher performance. On the
other hand, when the contrail processor has only two
contexts, the execution time becomes slightly longer as
explained in Figure 10(c). In this model, every thread
constructing the verification stream is kept in a FIFO
queue when it can not obtain its dedicated context.
It is true that the effectiveness of contrail processors
(energy savings) depends on the value prediction ac-
curacy and the size of each predicted region. However,
we have confirmed that the potential effect of contrail
processors on energy savings is substantial.

The preliminary simulation results using a func-
tional simulator derived from SimpleScalar/PISA tool
set is shown in Figure 11. In this simulation, we as-
sume that correctly predicted instructions ideally con-
tribute to power reduction, and we ignore penalties
caused by misspredictions and power overhead caused
by the value predictor. It is observed that an approx-
imately 35% energy reduction on average is achieved.

4 Conclusions

Power consumption is becoming one of the most
important constraints for microprocessor design in
nanometer-scale technologies. Device engineers, cir-
cuit designers, and system architects are faced with
many design challenges regarding general-purpose pro-
cessors as well as embedded processors. In order to
manage the impact of increasing microprocessor power
consumption, we proposed criticality-based instruc-
tion scheduling and Contrail processor architecture,
which utilize criticality of instructions. We exploited
dynamic information regarding instruction criticality

based on critical path prediction and attacked se-
lectively non-critical instructions for low power. In
other words, only critical instructions are executed
on the fast and power-hungry functional units, and
non-critical instructions are executed on the slow and
power-efficient units. In the Contrail, the trace-level
value prediction translates each critical path into a
non-critical one and moves 1t from the speculation
stream into the verification stream, and the non-
critical instructions are then executed in the slow
units. Simulation results demonstrate we have found
that both the criticality-based instruction scheduling
and the Contrail architecture are effective for energy
reduction.

We have recently finished evaluating correlation-
based global critical path predictors. We will present
the results on other articles in the near future. A fu-
ture study regarding Contrail involves a detailed eval-
uation of trace-level value prediction and its energy
efficiency. In addition, any type of architectural-level
power estimation tool is required, because estimating
power consumption in early design stage is required in
order to examine tradeoffs between power and perfor-
mance in architectural-level design. We have already
built a power-performance simulation infrastructure
for embedded processors [14,15]. Tts modeling resem-
bles those proposed in [1,3,23], and thus can be ap-
plied to general-purpose microprocessors. We will try
to build an architectural power and performance esti-
mation tool.
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