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Abstract

Recent studies show that the speed of microproces-
sors can be accelerated if we can identify which in-
structions are critical. Frplotting information regard-
g nstruction criticality is effective not only for im-
proving processor performance but also for improving
energy effictency. In this paper, we propose three criti-
cal path predictors in order to identify critical instruc-
tions. Frperimental results demonstrate the future re-
search direction of our approach.
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1 Introduction

Currently, smart mobile devices and embedded sys-
tems require high computing capability, thus employ-
ing high performance microprocessors. In addition,
however, they require low power consumption as well
as high performance. Because there is a tradeoff be-
tween power consumption and performance in micro-
processors, power is the primary design constraint in
embedded microprocessors for mobile devices. The
active power Fycyve and gate delay 7,4 of a CMOS
circuit are given by

Pactive X fCloadVdZd (1)
Vid

t —_ 2

pd X (Vdd _ ‘/th)a 3 ( )

where f is clock frequency, Cyqq 18 load capacitance,
Vaa 18 supply voltage, and Vij 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. Eq.(1) shows clearly that power supply
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reduction is the most effective way to lower power con-
sumption. However, Eq.(2) tells us that supply volt-
age reduction increases gate delay, resulting in a slower
clock frequency. Thus, microprocessor performance is
diminished. In order to solve this problem, we de-
cided to exploit information regarding critical path in
executing a program. Actually, a microprocessor has
dual-power functional units. That means that 1t has
several functional units distinguished in terms of their
execution latency and power consumption, and that
instructions on the critical path, which determines the
execution time of the program, are executed in fast
and power-hungry units and instructions on the non-
critical path are executed in slow and power-efficient
units. Using this scheduling strategy, microprocessor
power consumption can be reduced while maintain-
ing its performance. This paper describes a critical
path predictor, which i1s an essential component for
this dual-pipeline architecture.

The remainder of this paper is organized as follows:
Section 2 explains how energy consumption can be
reduced by using critical path information. Section
3 proposes correlation-based critical path predictors.
Section 4 describes the evaluation methodology, and
Section b presents simulation results. Section 6 sur-
veys related works. Finally, Section 7 provides our
conclusions.

2 Power Reduction via Critical Path
Information

Most contemporary microprocessors execute in-
structions in an out-of-order fashion in order to reduce
the execution time of a program [5]. The execution



time is determined by the microprocessor’s computing
capability and by dependences between instructions
executed on the microprocessor.

Figure 1: Critical path

The critical path is the longest path in a data
flow graph, where each node represents an instruc-
tion and each arc represents a dependence between
instructions, and it determines the execution time of
the program [6]. Figure 1 shows an example of a data
flow graph. In this example, its critical path consists
of instructions I:0->I:4->I:5->I1:7->I1:9 when ev-
ery instruction’s latency 1s assumed to be 1 cycle.

In order to identify if each instruction is critical
or not, we utilize critical path predictors. Recently,
critical path prediction has been proposed for improv-
ing instruction schedulers [4,12]. One proposed by
Tune et al. [12] predicts every instruction’s criticality
based on its past history regarding criticality. A criti-
cal path history table (CPHT) is its main component
and consists of up-down counters indexed by the pro-
gram counter (PC). At the commit stage, a counter
is incremented if its associated instruction is critical.
Otherwise, it is decremented. Later during instruction
scheduling, the CPHT is referred to and if the counter
value corresponding with the instruction is larger than
the threshold, it is predicted as critical. Otherwise, it
is predicted as non-critical. The bit width, the thresh-
old for determining criticality, incremental value, and
decrement value depend upon each implementation
decision. In order to identify every instruction’s crit-
icality at the commit stage, several heuristics such as
QOLD and ALOLD are proposed [12]. The QOLD
and the ALOLD heuristics mark the oldest instruc-
tion in the instruction queue and active list, respec-
tively, as critical. If we can identify which instructions
are critical, we can accelerate their execution by any

means [4,6,12].
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Figure 2: Tune’s Critical Path Predictor

In order to reduce power consumption with main-
taining performance, we decided to exploit the char-
acteristics of the critical path. That is, instructions
on a critical path determine the execution time of the
program while other instructions do not [9,10]. This
is the key principle of this technique. If we can find
non-critical instructions dynamically, they can be ex-
ecuted on slow and power-efficient functional units.
Only critical instructions are dispatched into fast and
power-hungry functional units [7,9, 11]. Since it is
expected that the execution cycle is not increased, en-
ergy consumption will be reduced.

3 Correlation-based Critical Path Pre-
dictors

Tune et al.’s critical path predictor [12] utilizes only
the local history of each instruction. We assume that
each instruction’s criticality is affected by dependences
between instructions and that prediction accuracy is
improved by utilizing correlations between the histo-
ries of each instruction. We then proposed correlation-
based critical path predictors [2,3]. They are clas-
sified into three categories: GCPH-type, GBH-type,
and BOTH-type predictors. The following sections
describe them in detail.

3.1 GCPH-type predictor

In order to utilize correlations between the histories
of each instruction’s criticality, a shift register is added
to the CPHT. This shift register keeps a history of the
latest instructions’ criticality. Each bit in the register



indicates if its corresponding instruction was critical at
the last step. When the latest instruction’s criticality
is determined, its information is inserted to the top of
the shift register, and information kept in the bottom
of the register is removed. Because this shift register
saves global history through the latest instructions in-
stead of each instruction’s local history, we named it
the Global critical path history (GCPH) register. The
GCPH-type correlation-based critical path predictor
is shown in Figure 3. It is possible to utilize the corre-
lation between instructions by maintaining the global
criticality history in the GCPH register. Because each
instruction’s criticality affects its dependent instruc-
tions’ criticality, the global history might be useful for
accurate critical path prediction.
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Counter
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Figure 3: GCPH-type Critical Path Predictor

3.2 GBH-type predictor

Branch instructions reduce instruction-level paral-
lelism in programs and thus diminishes processor per-
formance. This is because it is impossible to find the
target instruction of each branch instruction until it is
executed. In order to solve this problem, many stud-
ies have addressed branch prediction [8]. One of the
branch predictors is the correlation-based branch pre-
dictor. It saves the global branch outcome history in a
shift register as does the GCHP-type critical path pre-
dictor. This register is called the Branch history reg-
ister (BHR). We assume that branch outcome history
affects every instruction’s criticality and thus propose
a correlation-based predictor utilizing branch outcome
history. Figure 4 shows how the critical path predictor
utilizes branch history. The index to CPHT is made

from the PC and the BHR. We expect that this com-
bination of global branch history and local criticality
history will improve critical path prediction accuracy.
We named it the GBH-type critical path predictor.
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Figure 4: GBH-type Critical Path Predictor

3.3 BOTH-type predictor

In brief, we expect that utilizing both global criti-
cality history and global branch history will improve
critical path prediction accuracy. Hence, we propose
to combine the GCPH-type predictor explained in Sec-
tion 3.1 and the GBH-type predictor described in Sec-
tion 3.2. Their combination might result in an effec-
tive synergy, and we named this type of predictor the
BOTH-type critical path predictor. Figure 5 shows
the BOTH-type predictor. The PC, the GCPH regis-
ter, and the BHR are used for generating the index to
CPHT.
3.4 Table-update-timing consideration

In order to achieve high prediction accuracy, the
prediction table should be updated as soon as possible.
Tune et al.’s critical path predictor updates its CPHT
at the commit stage. Therefore, critical path infor-
mation regarding instructions in the instruction win-
dow cannot be utilized. In other words, the predictor
does not exploit the latest information concerning in-
struction criticality. This delay regarding critical path
information might have serious impact on instruction
scheduling for the sake of power reduction. To solve
this problem, we propose to update the CPHT as soon
as each instruction’s criticality is found.

Using this technique, the latest information regard-
ing instruction criticality can be utilized in the current



Table 1: Processor model

Fetch Bandwidth | 8 mstructions

Branch Predictor

Insn. Windows
Issue Width
Commit Width

Functional Units

8 instructions

8 instructions

6 Int, 3 FP, 4 Ld,St
Latency
(total/issue)
Register Files
Insn. Cache
Data Cache
18-cycle miss penalty
L2 Cache

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
32-entry instruction queue, 32-entry load/store queue

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

64KB, 2-way, 64B blocks, 4-port, write-back, non-blocking load, hit under miss,

unified, IMB, 4-way, 64B blocks, 80-cycle miss penalty
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Figure 5: BOTH-type Critical Path Predictor

instruction’s criticality prediction. However, its imple-
mentation involves several issues. First, because every
instruction’s criticality is checked while it remains in
the instruction window, there is a possibility that its
associated entry in the CPHT will be updated multi-
ple times. The entry has to be updated only once for a
dynamic instance of the instruction. Thus, we decided
to mark the instruction when its associated entry is
updated. Second, if branch missprediction occurs and
the instruction is thus removed, its criticality history
maintained in the CPHT is not accurate. This might
lead to low critical path prediction accuracy. Thus,
in the case of branch missprediction, the state of the
CPHT is recovered to the point before the branch in-
struction was mispredicted. This can be realized by

checkpointing in the same manner as does the register
renaming table.

4 Evaluation Methodology

This section describes our processor model and
benchmark programs, which are used in simulations,
in order to explain what environment is used for our
evaluation.

We use the sim-outorder simulator from the Sim-
pleScalar tool set (version 3.0b) [1] to implement our
simulator. It is a cycle-by-cycle simulator. The pro-
posed correlation-based predictors are included in the
simulator in detail. The CPHT sizes are varied be-
tween 2K and 64K. It is a direct-mapped table of 6-bit
saturating up-down counters. When an instruction is
identified as critical according to the QOLD or the
ALOLD heuristics [12], its associated counter is in-
cremented by 8. Otherwise, it 1s decremented by 1.
The counter threshold at which an instruction is pre-
dicted as critical is set to 8. The criticality history
length saved in the GCPH register is 8 instructions.
The incremental value, the threshold value, and the
history length were determined based on preliminary
simulations.

The fast functional units can execute most inte-
ger operations in one cycle, while the slow functional
units execute operations in two cycles. In the rest of
this paper, functional units means integer units. Both
the fast and slow units share their circuit design, while
each transistor’s size and threshold voltage might be
optimized independently. We assume that the sup-
ply voltage for the slow units are half of that for the



fast units. Our processor model has 3 fast functional
units and 3 slow units. Table 1 shows the processor’s
configuration.

Instruction set architecture (ISA) is the Sim-
pleScalar/PISA ISA, which is an extension of MIPS
R10000ISA. The SPEC2000 CINT benchmark suite is
used for this study. Table 2 lists the benchmarks and
the mput sets. For each program, 1 billion instruc-
tions are skipped before the actual simulation begins,
and the next 100 instructions are executed. We do not
count NOP instructions.

Table 2: Benchmark programs

Benchmark mput set
164.gzip input.compressed
175.vpr net.in arch.in
176.gce ceep.d

197.parser test.in
255.vortex lendian.raw
256.bzip2 input.random

5 Simulation Results

Figures 6—9 show the simulation results. We use
relative processor performance and relative energy-
delay products (EDP) as metrics for our evaluation.
For each group of two figures, the left one shows rel-
ative performance and the right one shows relative
EDP. For performance, the higher the bar, the more
effective processor’s performance. For EDP, the lower
the bar is, the higher power efficiency. For each group
of six bars, the first four bars from left to right are
for Tune et al.’s predictor, and GCPH-type, GBH-
type, and BOTH-type predictors, respectively. The
bar labeled 6fast/0slow is for the model whose func-
tional units are all fast ones, and the bar labeled
O0fast/6slow is for the model whose functional units
are all slow ones.

5.1 DBaseline

First, as a baseline we evaluate 64K-entry CPHT
using the QOLD heuristic with updating at the com-
mit stage. Figure 6 shows the results. First, in com-
parison with the 6fast/0slow processor model, pro-
cessor performance is degraded by approximately 20%
for all critical path predictors. Next, the correlation-
based predictors are compared with Tune et al.’s pre-
dictor. The GBH-type and the BOTH-type show im-
proved EDP, while processor performance 1s slightly

diminished. In contrast, the GCPH-type improves
performance while EDP is diminished. This is be-
cause the GCPH-type tends to predict more instruc-
tions as critical. In summary, the difference between
the correlation-based and Tune et al.’s predictors is
small.

5.2 Effect of heuristics

This section investigate how heuristics for identify-
ing each instruction’s criticality affects processor per-
formance and EDP. In this evaluation, the QOLD
heuristic 1s replaced by the ALOLD one. Figure 7
shows the results. It is found that the ALOLD heuris-
tic tends to identify more instruction as critical than
does the QOLD one, and thus fast functional units
are used more often, resulting in an improvement in
performance and a degradation in EDP. Processor per-
formance is improved by 2% on average, while EDP is
diminished by 7% on average. From these results, we

conclude that the QOLD is better than the ALOLD.
5.3 Effect of update timing

Next, we evaluate how update timing of the CPHT
affects performance and EDP. In this evaluation, pre-
dictors are speculatively updated at the execution
stage. Figure 8 shows the results. A comparison with
Figure 6 shows that performance is reduced by 4%
on average, while EDP is significantly improved by
17% on average. This means the improvement in EDP
is much bigger than the degradation in performance.
Hence, we conclude that the speculative update is ef-
fective.

5.4 Effect of table size

Finally, we evaluate how the prediction table size
affects performance and EDP. Figure 9 shows the re-
sults when the table size is reduced from 64K to 2K.
Processor performance improved by 2% on average,
while EDP is increased by 5% on average. This is due
to aliasing in the table. Small table causes many con-
flicts, and results in lower prediction accuracy. This
effect 1s more significant in the correlation-based pre-
dictors than in Tune et al.’s predictor.

5.5 Summary

As observed in the previous sections, we could not
so far achieve both high performance while consuming
low amounts of power. Improving EDP diminishes
performance, and conversely good performance leads
to bad EDP. We found that the QOLD heuristic is
better than the ALOLD one, that speculative update
of the CPHT is effective, and that a relatively large
table is required for the correlation-based predictor.
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6 Related Work

The critical path is a chain of dependent instruc-
tions, which determines the number of cycles execut-
ing the program. And thus, the performance of the
processor 1s limited by the speed at which it exe-
cutes the instructions along the critical path. If we
can identify which instructions are critical, we can ac-
celerate their execution by any means. Kobayashi et
al. [6] uses instruction criticality for instruction steer-
ing policy and proposed the path info table, which
saves a dynamically-generated data flow graph. They
calculate the length of each critical path based solely
on the data dependence graph. Critical path predic-
tion [4,12] is another technique for identifying critical
instructions dynamically.

Exploiting information regarding instruction crit-
icality is effective not only for improving processor
performance but also for reducing power consump-
tion [7,11]. Pyreddy et al. [7] use the profile-based
heuristics proposed by Tune et al. [12] for identifying
critical instructions. From a profile run, each instruc-
tion is marked as critical or non-critical. When the
program is executed, the critical instructions are exe-
cuted on fast and power-hungry functional units while
the non-critical ones are executed on slow and power-
efficient units. They concluded that dual pipeline had
the potential for low power without suffering perfor-
mance loss, but did not make any measurement of
power savings. In contrast, Seng et al. [11] utilized a
dynamic mechanism. They proposed to use the criti-
cal path predictor to identify non-critical instructions,
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and reported significant gains in the ratio of perfor-
mance and power density. However, they did not men-
tion how energy consumption can be reduced.

7 Conclusions and Future Study

In this paper, we have proposed a correlation-based
critical path predictor to improve prediction accuracy.
From the evaluations presented in this paper, unfortu-
nately, we could not derive a significant improvement
in prediction accuracy from Tune et al.’s CPHT [12].
However, we produced some new findings as follows.
First, we found that the QOLD heuristic is effective
than the ALOLD one in almost every case. Second,
speculative update of the CPHT is more effective than
an update at the commit stage. Third, a relatively
large table is required for the correlation-based criti-
cal path predictor.

A future study regarding critical path prediction in-
volves considering heuristics for identifying every in-
struction’s criticality. We are also interested in the
theoretical limit of the dual-pipeline architecture on
power reduction while maintaining processor perfor-
mance.
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