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Abstract

Contrail processors utilize multithreading for im-
proving energy efficitency. In Contrail, an ezecution
of an application s divided into two streams. One is
called the speculation stream. It consists of the main
part of the execution and ts dispatched into the fast
functional units. However, several regions of the ez-
ecution are skipped by utilizing trace-level value pre-
The other stream 1is called the verification
stream. It supports the speculation stream by verifying
each data prediction, and is dispatched into the slow
units. The key tdea is that the trace-level value pre-
diction translates each critical path into non-critical
one and moves it from the speculation stream into the
verification stream, and then the non-critical instruc-

diction.

tions are executed on the slow units. In this paper,
we 1nvestigate a trace-level value predictor for Con-
trail processors.

Keywords: chip multi processors, stmultaneous mul-
tithreading, energy efficiency, value prediction, trace
construction

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. As the computing power of
microprocessors for mobile devices increases, however,
their power consumption also increases. In addition,
while power is already a major design constraint in the
area of mobile and embedded computer platforms, it
has also become a limiting factor in general-purpose
MIiCroprocessors.

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, ve and

gate delay t,45 of a CMOS circuit are given by

Pyctive = fCloadVde (1)

Vaa
(Vaa — Vin)® 2)

where f is clock frequency, Ciyqq is load capacitance,
Via 1s supply voltage, and Vip is 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 [4]. Based on Eq.(1), it is easily found
that power supply reduction is the most effective way

tpd XX

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 parallelism [2]. 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. One is
called the speculation stream and consists of the main
part of the execution. However, it exploits trace-level
value prediction [8,12], 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 en-
ergy reduction. In contrast, the other stream is called
the verification stream and supports the speculation
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Figure 1: Execution on a Contrail processor

stream by verifying each data prediction. The key
idea is that the trace-level value prediction translates
each critical 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 dat-
apath for the verification stream. Furthermore, the
supply voltage is also reduced. From these considera-
tions, its energy consumption is significantly reduced.
This technique is called Contrail architecture [13,14],
because the speculation stream runs ahead just like a
jet plane, and the verification stream is left behind by
the speculation stream and fades away in the manner
of a contrail.

Each stream executes as a thread on a simultaneous
multi-threading (SMT) processor [5,20], whose execu-
tion core consists of dual speed pipelines, or a chip
multiprocessor (CMP) [7,19], each processing element
(PE) of which independently works at the variable
clock frequency and supply voltage [6,18]. On the
SMT processor, the speculation stream is dispatched
into a high-speed pipeline and the verification stream
is dispatched into a low-speed and low-supply-voltage
pipeline. On the other hand, in the case of the CMP,
the speculation stream is executed in a high-speed PE
and the verification stream is executed in a low-speed
and low-supply-voltage PE. In the ideal case, that
means there are no misspredictions; the speculation
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Figure 2: CMP-based Contrail processor

stream finishes silently and waits for the verification
process. In the case in which 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 verification stream.

We explain how the program is logically executed
on a Contrail processor, using Figure 1. We assume
that half of the original execution of an application is
ideally predicted and is distributed uniformly as ex-
plained in Figure 1(a). This is a reasonable assump-
tion, since it has been reported that 59% of dynamic
traces can be reused with the help of the value pre-
diction [8]. Under this assumption, the execution is
divided into speculation and verification streams in a
Contrail processor with three contexts (1 and 2 for
the speculation and verification streams, respectively)
as depicted in Figure 1(b). The predicted regions
are skipped in the speculation stream and execute in
the verification streams while enlarging their execu-
tion time.

In the case of the CMP-based Contrail processor,
the speculation and verification streams are executed
distributively in several PEs, as shown in Figure 1(c).
When an easily predictable region is detected, the
head thread forks a speculation stream on the next
PE and it turns into a verification stream. Thus, the
CMP-based Contrail processor can be build as a ring-
connected CMP such as the MultiScalar [15] processor
or the SuperThreaded [17] processor, as shown in Fig-
ure 2. Each PE has its dedicated voltage/frequency
controller. It also has a trace cache [10] and a trace-
level value predictor. One of the differences from these
processors is that the Contrail processor does not re-
quire any mechanism to detect memory dependence
violations. Since the Contrail processor strongly relies
on trace-level value prediction, any memory depen-
dence violations cannot occur. Instead, it suffers from
data value misspredictions. This simplifies hardware



complexity. This is because value misspredictions can
be detected locally in an PE, while detecting memory
dependence violations requires a complex mechanism
such as ARB [15] or Versioning Cache [3].

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. Energy consumption is calculated as
follows: For the speculation stream, energy consump-
tion becomes half that of the original execution since
the number of instructions is reduced by half. In con-
trast, for the verification streams, the sum of every
execution time remains unchanged since the execu-
tion time of each instruction increases doubly while
the total number of instructions is 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%. Tt is true that the effectiveness of
Contrail processors (energy savings) depends on the
value prediction accuracy and the size of each pre-
dicted region. However, we have confirmed that the
potential effect of Contrail processors on energy sav-
ings is substantial.

One of the differences between this architecture
and previously proposed pre-computing architectures
[11,16] is that the Contrail processor architecture does
not rely on redundant execution. In the ideal case, the
number of executed instructions is unchanged. An-
other difference is that its target is the improvement
of energy efficiency instead of the improvement of per-
formance.

3 Trace-Level Value Prediction

As described above, the Contrail processors
strongly rely on the trace-level prediction. In order
to minimize the overhead in energy consumption due
to value prediction, any low-cost trace-level value pre-
dictor is required. In this section, we will propose a
low-cost trace-level predictor, which we call the decou-
pled trace-level value predictor.

Figure 3 shows a conventional trace-level value
predictor [12], which holds up to four unique val-
ues for every register value. The first table,
VHT, consists of Tag, LRU Info, next PC, Register
Identifiers,Register Values, and Value History
Pattern fields. The Tag field is used for distinguish-
ing individual among traces. The LRU Info field keeps
track of the order in which the four data values appear.
The four values are identified using binary encod-
ing, {00, 01, 10, 11}. The Register Identifiers
field tells which registers are included in the asso-
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Figure 3: Conventional trace-level value predictor

ciated trace. Each Register Values holds State,
Stride, and four Data Values fields. The State field
decides whether the prediction should be initiated.
The Stride field holds the difference between the last
two values generated by the instruction. The Value
History Pattern field saves the history of the last
p outcomes for an instruction. The history is main-
tained as a 2p-bit pattern consisting of the p binary
encoding (2-bit) codes explained above. Every 2p-bit
pattern kept in the Value History Pattern field is
used for indexing the second table, the Pattern History
Table (PHT). An entry in the PHT has four saturat-
ing up-down counters, each of which is associated with
a corresponding value held in the VHT Data Values
field. The counter values are used for selecting one
of the four values as the predicted value. When an
actual value is obtained, the counter corresponding to
the correct outcome is incremented and the others are
decremented.

As can be easily observed, the hardware cost of
the conventional trace-level predictor increases signif-
icantly as the number of registers included in a trace
is increased. In order to solve the hardware cost ex-
plosion, we propose to decouple the trace information
from the value prediction information as shown in Fig-
ure 4. We call this predictor the decoupled trace-level
value predictor. It consists of a table keeping trace
information, which we call the trace table (TT), and
an instruction-level value predictor. The TT consists
of Tag, 2-bit saturating up-down counter (2bC), next
PC, Register Identifiers, and PCs fields. The Tag
field is used for distinguishing individual among traces.
The 2bC field decides whether the prediction should
be initiated. The Register Identifiers field tells
which registers are included in the associated trace,
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Figure 4: Decoupled trace-level value predictor

and each instruction address in the PCs field is as-
sociated with the register identified in the Register
Identifiers field. Based on the trace information
provided by the TT, the instruction-level value pre-
dictor is referred multiple times. That is, multiple
register values are predicted sequentially. This reduces
the hardware cost of the value predictor considerably,
while it requires several clock cycles to predict the
whole register values in a trace.

4 Results

In this section, we compare the conventional and
our proposed decoupled trace-level predictors on pre-
diction accuracy and hardware cost. The evaluation
of processor performance is remained for the future
study.

We implemented a functional simulator using
the SimpleScalar tool set (ver.2.0) [1]. The Sim-
pleScalar/PISA instruction set architecture (ISA) is
based on MIPS ISA. In this paper, we use Sathe et
al.’s trace-level value predictor [12] as a representa-
tive of conventional predictors. It has a 4096-entry
VHT. Similarly, our decoupled trace-level predictor as
4096-entry VHT, while the VHT is the instruction-
level value predictor. We vary the number of the TT
entry between 128 and 4096. We keep four register val-
ues per trace. The SPEC95 CINT benchmark suite is
used for this study. We use the object files provided
by University of Wisconsin Madison [1]. The candi-
date instructions predicted by the value predictors are
register-writing ones, and do not include branch and
store instructions.

Figure 5 shows value prediction accuracies of the
conventional trace-level predictor (right bar) that has
a 4096-entry VHT and the decoupled trace-level pre-
dictor (left bar) that has a 4096-entry TT and a 4096-
entry VHT. For six of eight programs, the decoupled
trace-level predictor achieves higher prediction accu-
racy. On average, the prediction accuracy is improved
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Figure 5: %Prediction accuracies

350

300

250

200

150

100

50

I proposal M conventional
[ W W B W

go ijpeg perl  m88k vortex ccl comp li average
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by 5.4 point.

Figure 6 shows the difference between the numbers
of correctly predicted values of the two trace-level pre-
dictors. That of the proposed one (left bar) is shown
as the percentage normalized by that of the conven-
tional predictor (right bar). As can be easily observed,
except for ijpeg and compress, the two predictors
achieve comparable performance. In contrast, in the
cases of the two programs, the decoupled predictor
increases the number of correctly predicted values sig-
nificantly.

Figure 7 shows the effect of the number of entries
in the TT on value prediction accuracy. We vary the
number of the TT entry between 128 and 4096. For
each group of four bars, the bars from left to right
indicate the normalized prediction accuracies in the
cases where the TT has 128, 512, 1024, and 4096 en-
tries, respectively. We can find that the 1024-entry
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TT achieves sufficient accuracy, compared with the
4096-entry TT.

Figure 8 shows the hardware cost of the predic-
tors in bytes. The first bar (see from left to right)
indicates the hardware cost of the conventional trace-
level predictor that has a 4096-entry VHT. The rest
bars indicate the cost of the decoupled predictors that
have a 4096-VHT with a 4096-, a 1024-, a 512-, and
a 128-entry TTs, respectively. As we have already
seen, the decoupled predictor with a 1024-entry TT
achieves sufficient prediction performance. Thus, we
should compare the first and the third bars. As can
be easily observed, the hardware cost of the decou-
pled predictor is three times smaller than that of the
conventional predictor.

5 Summary

Currently, it is expected that multi-threading and
dual-power functional units are key techniques for en-
ergy reduction [9]. We have proposed such an energy-
efficient processor architecture based on value pre-
diction and multi-threading techniques. These tech-
niques exploit thread level parallelism, resulting in
mitigating performance loss caused by the supply volt-
age reduction. The proposed architecture has a poten-
tial of approximately 40% energy savings with main-
taining processor performance.

In this paper, we investigate trace-level value pre-
dictors for the Contrail processors. In order to mini-
mize the overhead in energy consumption due to value
prediction, any low-cost trace-level value predictor is
required. We proposed the decoupled trace-level value
predictor. From the detailed simulation results, we
find that the decoupled trace-level predictor can attain
the comparable prediction performance of the conven-
tional predictor with less than one third of the hard-
ware cost.
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