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Abstract

Power consumption is a major concern in embedded
microprocessors design. Reducing power has also been
a critical design goal for general-purpose microproces-
sors. Since they require high performance as well as
low power, power reduction at the cost of performance
cannot be accepted. There are a lot of device-level
techniques that reduce power with maintaining perfor-
mance. They select non-critical paths as candidates for
low-power design, and performance-oriented design is
used only in speed-critical paths. The same philoso-
phy can be applied to architectural-level design. We
evaluate a technique, which exploits dynamic informa-
tion regarding instruction criticality in order to reduce
power. Regarding the effect of sustaining throughput
on power and performance, it is found that pipelined
functional units are better in energy reduction as well
as in performance than non-pipelined units even if the
wcrease in hardware due to extra latches are consid-
ered. We also evaluate an instruction steering policy
for a clustered microarchitecture, which is based on in-
struction criticality, and find it s currently not a good
destgn choice for energy efficiency.

Keywords: low power architecture, energy reduction,
dual-voltage pipeline, critical path prediction, super-
scalar processors

1 Introduction

Power consumption is becoming one of the most
important constraints for microprocessors design in
nanometer-scale technologies. Device engineers, cir-
cuit designers, and system architects are faced with
many challenges. In the area of embedded microproces-
sors, power has already been a major design constraint.
However, it 1s also a limiting factor in general-purpose

microprocessors, because they are used in mobile and
embedded computer platforms. For example, micro-
processors that support out-of-order execution are de-
signed for modern embedded systems [11]. In order to
manage the impact of increasing microprocessor power
consumption, some architectural-level techniques are
required as well as device-level design improvements.

Design tradeoffs can be achieved using many device-
level techniques such as transistor size optimizations
[8], multiple supply voltages [19], and multiple thresh-
old voltages [21] approaches. Power reduction without
performance 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 ap-
plied to architectural-level design. Seng et al. proposed
to exploit dynamic information regarding instruction
criticality in order to reduce power [15]. We have also
studied this technique independently in parallel [5]. Tt
should be noted that targets of the technique are differ-
ent; Seng et al. aimed to improve performance/power
density ratio for attacking hot spots. On the other
hand, we are interested in energy, which is important
in mobile devices.

The remainder of this paper is organized as follows.
Section 2 discusses related studies. Section 3 explains
how energy consumption is reduced by critical path
prediction. Section 4 describes our evaluation method-
ology. Section b discusses our simulation results. Fi-
nally, Section 6 provides our conclusions.

2 Previous Work

The critical path 1s a chain of dependent instruc-
tions, which determines the number of cycles executing
the program. And thus, the performance of the pro-
cessor 1s limited by the speed at which it executes the
instructions along the critical path. If we can identify



which instructions are critical, we can accelerate their
execution by any means. Kobayashi et al. [10] uses in-
struction criticality for instruction steering policy and
proposed the path info table, which keeps dynamically-
generated data flow graph. They calculate the length
of each critical path based solely on the data depen-
dence graph. Critical path prediction [6,18] is another
technique for identifying critical instructions dynami-
cally.

Exploiting information regarding instruction crit-
icality 1s effective not only for improving processor
performance but also for reducing power consumption
[3,13,15]. Casmira et al. [3] studied the potential ben-
efit of exploiting slack, which is a metric that tells how
critical an instruction is, for power reduction. They
found there 1s significant availability of non-critical in-
structions, but did not mention any practical mecha-
nism that can utilize their results for power reduction.
Pyreddy et al. [13] use profile-based heuristics proposed
by Tune et al. [18] for identifying critical instructions.
From a profile run, each instruction is marked as criti-
cal or non-critical. When the program is executed, the
critical instructions are executed on fast and power-
hungry functional units while the non-critical ones are
executed on slow and power-efficient units. They con-
cluded that dual pipeline had the potential for low
power without suffering performance loss, but did not
make any measurement of power savings. In contrast,
Seng et al. [15] utilized a dynamic mechanism. They
proposed to use the critical path predictor to identify
non-critical instructions, and reported significant gains
in the ratio of performance and power density. How-
ever, they did not mention how energy consumption
can be reduced. In addition, they assume the slow
units to be pipelined.

We proposed Contrail processor architecture for en-
ergy reduction [14]. In Contrail, an execution of an
application is divided into two streams. One is called
the speculation stream. It consists of the main part
of the execution and is dispatched into the fast func-
tional units. However, several regions of the execu-
tion are skipped by utilizing trace-level value predic-
tion. The other stream is called the verification stream.
It supports the speculation stream by verifying each
data prediction, and is dispatched into the slow units.
The key 1dea is that the trace-level value prediction
translates each critical path into non-critical one and
moves 1t from the speculation stream into the verifica-
tion stream, and then the non-critical instructions are
executed on the slow units.

3 Energy Reduction via Critical Path
Prediction

We exploits dynamic information regarding instruc-
tion criticality in order to reduce power. This is based
on critical path prediction [6, 18]. In this section, we
describe how to reduce power using the critical path
prediction.

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 is easily observed
that the instruction path that determines the execution
cycle of these instruction flows consists of instructions
{10, 12, 15, I8, I8, I9}. This is the critical path.
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Figure 1. Data flow graph

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 increased
without affecting the execution cycle. This is the key
observation of this technique. If we can find non-
critical instructions dynamically, they can be executed
on slow functional units whose supply voltage is low.
In summary, only critical instructions are dispatched
into fast and power-hungry functional units, while non-
critical ones are dispatched into the slow and power-
efficient units. Since it is expected that its execution
cycle is not increased, energy consumption will be re-
duced. In the remainder of this paper, we assume the
slow units 1s 2 times slower than the fast unit. Note
that the slow units can be implemented either with and
without pipelining technique.

In order to find non-critical instructions dynami-
cally, we use a critical path prediction (CPP) buffer
[18]. The CPP buffer is a table and resembles 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 value sizes are dependent
upon implementations. When the instruction is pre-



dicted as critical, it is dispatched into the fast func-
tional unit. Otherwise, it is executed on the slow unit.
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Figure 2. Critical path prediction buffer

In order to further reduce power consumption, we
split the instruction queue into a fast queue and a slow
one, as shown in Figure 3. In this clustered data-
path, the fast cluster consists of the fast instruction
queue and the fast functional units. Similarly, the slow
cluster consists of the slow queue and the slow units.
In other words, each cluster belongs to the different
power-supply (and clock) domain. In order to con-
nect different power-supply domains, level converters
are generally used. In the case where any synchro-
nizing mechanism is required between different clock
domains, that is the case where the slow cluster is not
pipelined, we assume that two clusters are connected
by using small FIFOs. Since instruction queue is one
of the most power-hungry block [7], reducing supply
voltage and clock frequency in the slow queue is very
effective. The splitting of instruction queue has an-
other advantage of design complexity reduction [12].

In this clustered microarchitecture, we should con-
sider an additional delay when inter-cluster bypassing
occurs. In this study, we assume that the bypass delay
i1s 1 cycle, regardless of the existence of FIFOs between
clusters. In addition to the bypass delay, there is an-
other delay when the instruction queue is not pipelined.
In this case, the inter-cluster delay consists of the by-
pass delay and synchronizing delay, as shown in Figure
4. The upper part of Figure 4 explains the bypassing
from the fast cluster to slow one, and the lower part
explains the reverse. In the case at which the fast clus-
ter finishes an execution at the beginning of the slow
clock period, the synchronizing delay is required when
the result is used in the slow cluster. Due to the ad-
ditional delay, the clustered microarchitecture might
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Figure 3. Clustered datapath
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Figure 4. Inter-cluster bypassing

suffer performance loss.

4 Methodology

We implemented a timing simulator using the Sim-
pleScalar/Alpha tool set (ver.3.0a) [2]. The baseline
model is an out-of-order execution superscalar proces-
sor based on the register update unit (RUU) [16], 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 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 volt-
age might be optimized independently. Instructions
can be dispatched into both fast and slow functional
units. That is, if there are no free fast (slow) units,
a critical (non-critical) instruction can be dispatched



Table 1. Processor configuration

Fetch Bandwidth
Branch Predictor

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

L2 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

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

unified, IMB, 4-way, 64B blocks, 80-cycle miss penalty

Table 2. Supply voltage and frequency scaling

clock frequency / supply voltage
400MHz/0.93V — 800MHz/1.3V
500MHz/1.15V — 1.0GHz/1.6V

TM5800
XScale

into the slow (fast) units. Note that this flexibility is
lost when we split the instruction queue into the fast
and slow queues, and that issuing instruction into the
queues stalls when the either of the queues is full. We
will evaluate pipelined and non-pipelined slow units.
The former can sustain the same throughput as that
of the fast units. The latter diminished the through-
put by half. We assume that the increase in power
due to extra latches in the pipelined units is a factor
of 1.15 [4]. Note, in the split instruction queue model,
each instruction dispatched into a functional units do
not release its corresponding entry in the queue but
remains there until it is committed.

We will evaluate two scalings for supply voltage and
clock frequency; one i1s based on Transmeta TM5800
[17], and the other is based on Intel XScale [9]. These
scalings are summarized in Table 2. The higher fre-
quency and voltage are applied to the fast functional
units and instruction queue, and the lower ones are ap-
plied to the slow units and queue. Note that clock fre-
quency and supply voltage are not dynamically adapt-
able but are unchanged. The energy consumed in the
functional units is calculated as the product of its ac-
tive power and execution time. Because power is pro-
portional with clock frequency and quadratically with
supply voltage, we can estimate the energy from the
active rate of each unit and the execution cycles, using
the supply voltage and frequency scaling shown in Ta-

Table 3. Benchmark programs

program input set
164.gzip input.compressed
175.vpr net.in arch.in
176.gce ceep.d
186.crafty | crafty.in
197.parser | test.in
252.eon chair
2b5.vortex | lendian.raw
256.bzip2 | input.random

ble 2. While using Wattch [1] or SimplePower [20] will
give us more detailed results, 1t is remained as a future
study.

We choose to use the critical path predictor pro-
posed in [18] due to its simplicity. Since we are in-
terested in low-power architectures in this study, com-
plex predictors can not be accepted. It has a direct-
mapped table of 3-bit saturating up-down counters.
When an instruction is identified as critical according
to the QOLD heuristic [18], its associated counter is
incremented by 1. Otherwise, 1t is decremented by 1.
The QOLD heuristic marks the oldest instruction in
instruction queue as critical. Because we use the RUU,
the oldest instruction should be selected among those
that are not dispatched into functional units. In other
words, instructions that finish but are not committed
are removed from the selection. The counter threshold
at which an instruction is predicted as critical is set to
5. These numbers follow Seng et al.’s study [15].

The SPEC2000 CINT benchmark suite is used for
this study. Table 3 lists the benchmarks and the input
sets. We use the object files provided by the University
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of Michigan. They were compiled by DEC C V5.9-008
on Digital UNIX V4.0 (Rev.1229). For each program
except for 252.eon, 1 billion instructions are skipped
before the actual simulation begins. Each program is
executed to completion or for 100 million instructions.
We do not count nop instructions.

5 Results

In this section, simulation results are presented.
First, the criticality-based instruction scheduling is in-
vestigated. And then, the splitting of the instruction
queue is evaluated.

5.1 Energy reduction via criticality-based
scheduling

Figure 5 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 configu-
rations of the remaining bars. Note that the baseline
model is 6fast/0slow. As explained above, we use two
types of the slow units. One is the pipelined unit and
the other is the non-pipelined one. Figure 5(i) shows
the results when the slow units are pipelined, and Fig-
ure 5(ii) shows the results when the slow units are not
pipelined.

First, it i1s easily observed that processor perfor-
mance is significantly diminished when all functional
units are replaced by the slow units. However, ex-
cept in the case of 256.bzip2, the configuration of
2fast/4slow has comparable performance with the
From these observations, we
confirm that the critical path prediction mitigates per-
formance loss due to lower supply voltage. Now,
let’s look at the results for the model using the non-
pipelined units. We can see no significant differences
between Figures 5(i) and (ii), and thus we expect that
the non-pipelined units are more desirable than the

baseline configuration.

pipelined units from the point of their lower power con-

sumption. However, this will be denied below.
Because we are interested in energy efficiency, exe-

cution cycles are a more useful metric than IPC. Figure
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6 shows the percent increase in execution cycles when
the 64K-entry CPP buffer is used. For example, in the
case of 164.gzip, the processor model 1fast/bslow
i1s 1.5 times slower than the baseline model. Figure 6
gives us a different impression from Figure 5, in which
the difference between IPCs for each configuration dis-
appears due to low resolution of the figure. To make
this observation clear, we show the IPCs of the con-
figuration Ofast/6slow in Table 4 with that of the
baseline (6fast/0slow). We can see considerable dif-

Table 4. IPC (64K /0fast/6slow)

program | pipelined non-pipelined baseline
164.gzip 1.33 1.12 2.45
175.vpr 1.19 0.97 1.97
176.gcc 0.94 0.75 1.53
186.crafty 1.26 0.97 2.44
197.parser 1.08 0.85 2.02
252.eon 1.34 0.89 2.20
255.vortex 1.24 0.91 2.16
256.bzip2 1.78 1.29 4.98

ference between each pair of IPCs. From Figure 6, it is
observed that 3 fast units are required in order to keep
the performance degradation, which is the increase in
execution cycles, less than approximately 10% on av-
erage. Hence, we will use 3 fast functional units in
the rest of this paper, except when specified otherwise.
Another interesting observation is there are consider-
able differences between the results for the pipelined
and non-pipelined models. The latter model suffers se-
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rious impact on execution cycles. However, when 3 fast
units are used, the difference is insignificant as shown
in Figure 7. In summary, we have found that the con-
figuration of 3fast/3slow is in a good tradeoff point
when we consider the increase in execution cycles.

We now consider the influence of the number of the
CPP buffer entries on execution cycles. Figure 8 shows
the results, when the number of the CPP buffer entry
is reduced from 64K to 32K, 16K, 8K, and 4K. The
functional units configuration is 3fast/3slow. 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 9 presents the percent distribution of
dispatched functional units. We show three processor
configurations, which are 1fast/5slow, 2fast/4slow,
and 3fast/3slow. Each bar is divided into four parts.
The bottom part indicates the percent of instructions
that are predicted to be non-critical and are dispatched
into the slow units (NS). The next indicates that of in-
structions that are predicted to be critical and are dis-
patched into the slow units (CS). The next part is for
the instructions that are predicted to be non-critical

and are dispatched into the fast units (NF). The top in-
dicates 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, execution cycles in-
crease according to CS, resulting in a possible increase
in energy consumption. On the other hand, large NF
diminishes power efficiency. In summary, large NS and
small CS and NF are expected.

First, it is easily observed that, as the number of the
slow units increases, CS increases, resulting in perfor-
mance degradation. This confirms the results shown
in Figures 5 and 6. 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, approxi-
mately 70% and 60% of instructions are dispatched into
the slow functional units on average in the cases of the
pipelined and non-pipelined units models, respectively.

Figure 10 shows the influence of the number of the
CPP buffer entries on the distribution, indicating that
it 1s less significant than that of processor configura-
tion.



Figure 11 presents the energy reduction in functional
units. One of the interesting observations is that the
energy efficiency of the pipelined units is better than
that of the non-pipelined units, while the power re-
duction of the pipelined units is smaller than that of
non-pipelined units. This is because the increase in
execution cycles is insignificant due to the pipelined
units’ sustained throughput.

Figure 12 shows the relationship between supply
voltage ratio and the average energy reduction. The
supply voltage ratio is defined as the supply voltage
for the slow units over that for the fast units. Thus,
the smaller the ratio value is, the larger the expected
energy reduction is. Note that every slow unit works
at the same supply voltage. For example, the ratio
18 % % 100 = 71.9% for XScale. As can be easily ob-
served, the pipelined units is better in energy reduction
when the ratio is less than approximately 80%. There-
fore, 1t 1s confirmed that the pipelined units 1s better
both in performance and in energy reduction than the
non-pipelined units.

T T T T T
50 pipelined —-— 7
40 F non-pipelined

30 .
20 T

10 |- . i

210 F 4
1 1 1 1 1

50 60 70 80 90
(%)Vdd_slow / Vdd_fast

Figure 12. %Energy reduction vs. supply volt-
age ratio (3fast/3slow/4K)

5.2 Energy reduction via clustered mi-
croarchitecture

The power reduction in the instruction queue, which
is explained in Section 3, 1s effective because it is one
of the most power-hungry block [7]. This section eval-
uates two configurations for the queue; one consists
of 32-entry fast queue and 32-entry slow queue (de-
noted as 32fastQ/32slowq). The other consists of 16-
entry fast queue and 48-entry slow queue (denoted as
16fastQ/48slowq). The first configuration is chosen
because both clusters have three functional units each.
The second configuration is chosen because we have
found that over 70% of instructions are dispatched
into the slow units. Under the assumption of the

voltage/frequency scaling in XScale, 30.4% and 36.3%
power reduction in the queue can be attained for the
16fastQ/48slowq configuration with the pipelined and
non-pipelined units models, respectively.

Table 5. %Inter-cluster dependence ratio

program pipelined non-pipelined
32(/32s 16f/48s | 32f/32s  16f/48s
164.gzip 24.7 21.9 27.2 21.7
175.vpr 21.9 20.1 22.3 21.3
176.gcc 20.5 18.9 20.6 19.2

186.crafty 22.2 19.6 22.0 20.1
197.parser 17.4 15.1 16.8 14.6
252.eon 8.82 7.60 8.19 6.74
255.vortex 14.5 11.9 14.3 11.8
256.bzip2 26.9 25.6 22.9 22.5

Figure 13 shows the percent increase in execution
cycles, when the splitting of the instruction queue is
applied to the processor configuration of 3fast/3slow
with the 4K-entry CPP buffer. The significant per-
formance loss is observed. The major reason of the
increase in execution cycles is the decrease in instruc-
tion throughput due to the slow instruction queue.
Compared with the centralized RUU used in the pre-
vious subsection, it can attain at most half instruc-
tion dispatch rate. The other reason is the extra de-
lay due to inter-cluster bypassing. Table 5 presents
how frequently inter-cluster bypassing occurs. Approx-
imately 20% of bypassing are between two clusters.
This is serious especially in the non-pipelined model.
Another reason is the loss of flexibility in instruction
issuing and dispatching. However, 11.7% energy re-
duction in the instruction queue is achieved, when we
use the 16fastQ/48slowQ configuration with the volt-
age/frequency scaling in XScale.

Figure 14 shows the distribution of dispatched unit.
It is observed that approximately 80% of instructions
are dispatched into the slow units, and thus are issued
into the slow instruction queue. Therefore, it is con-
firmed that the 16fastQ/48slowQ configuration is in a
good tradeoff point.

Figure 15 shows an average of 6.0% energy reduc-
tion from the baseline model in functional units, when
the 16fastQ/48slowQ configuration is used with the
voltage/frequency scaling in XScale. The decrease in
energy efficiency is due to the significant increase in ex-
ecution cycles. From these observations, currently the
energy reduction by splitting the instruction queue is
not always a good design choice, and any improvement
in the technique is required. In order to utilize the
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technique in battery-operated devices, further study 1s
required to mitigate the increase in execution cycles.
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6 Conclusions

This paper investigated to exploit information re-
garding instruction criticality for improving energy effi-
ciency in microprocessors. We evaluated to utilize crit-

ical path prediction for this purpose, and found that it
is effective for power reduction. In addition, we evalu-
ated the effect of sustaining throughput on power and
performance. We found that the pipelined functional
units are better in energy reduction as well as in perfor-
mance than the non-pipelined units even if the increase
in hardware due to extra latches are considered.

Our another study is on the splitting of the instruc-
tion queue. We found that currently the energy re-
duction via the splitting combined with critical path
prediction is not always a good design choice. Energy
efficiency is significantly diminished by the increase in
execution cycles.

One direction of our future study is improving
the accuracy of critical path prediction. If we pre-
dicted non-critical instructions more accurately, the
performance loss would be decreased.  Currently,
we are studying low-cost and high-accuracy critical
path predictors. We have recently finished evaluating
correlation-based critical path predictors. They utilize
global information in program execution as well as local
information regarding to each instruction.
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