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Abstract

Recently, we proposed a technique improving en-
ergy efficiency named Constructive Timing Viola-
tion (CTV)[17]. In this paper, in order to evalu-
ate the practicability of the C'TV, we design Carry
Select Adder (CSLA) using Verilog-HDL, and in-
vestigates the distribution of timing failures de-
pending on timing constraints. It is found that
the CVT improves energy efficiency by over 40%
while the fault probability is 50% when clock fre-
quency is 2 times faster than that satisfies timing
constraints due to critical paths.

Keywords: timing constraints, speculative execu-
tion, fault tolerance

1 Introduction

Currently, smart mobile devices and embedded
systems require high computing capability, thus
employing high performance microprocessors. In
addition, however, they require low power con-
sumption as well as high performance. Because
thereis a tradeoff between power consumption and
performance in microprocessors, power is the pri-
mary design constraint in embedded microproces-
sors for mobile devices. The active power P, s pe

and gate delay ¢,4 of a CMOS circuit are given by
(1)
(2)
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where f is the clock frequency, Cj,qq is the load ca-
pacitance, Vg is the supply voltage, and is V;j, the
threshold voltage of the device. a is a factor de-
pendent upon the carrier velocity saturation and is
approximately 1.3—1.5 in advanced MOSFETs[5].
Based on Eq.(1), it can easily be found that a
power-supply reduction is the most effective way
to lower power consumption. However, FEq.(2)
tells us that reductions in the supply voltage in-
crease gate delay, resulting in a slower clock fre-
quency, and thus diminishing the computing per-
formance of the microprocessor.

It is possible to not degrade computing power
by maintaining clock frequency before and af-
ter reductions in supply voltage. This approach
causes timing violations, however, resulting in
logic errors. If a fault-tolerance mechanism is pro-
vided for the violations, however, the logic errors
can be avoided. In other words, to improve en-
ergy efficiency we propose that timing constraints
not be met and that violations be tolerated[17].
We call this technique constructive timing viola-
tion (CTV) and have already applied it to boost-
ing computing power[16]. In this paper, we evalu-
ate this new technique with regard to the research
area of low-power design.

2 Constructive Timing Violation

Our proposal is based on a kind of parallelism,
that is a space redundancy. Circuits consist of a
main part and checker parts. The main part is
responsible for computing power —high through-



put and low latency—, but it can suffer timing
violations. In contrast, the checker parts, which
are free of timing violations, support the main
part and revert the processor state to a safe point
where a timing violation is detected. The main
and checker parts are equivalent in design, but
their distribution of clock frequencies is different.
For the main part, we provide a clock frequency
that is higher than that decided by the critical
path, since it is expected that a typical circuit
delay is shorter than the critical delay and that
timing faults rarely occur[7]. For example, it has
been reported that nearly 80% of paths have de-
lays of half the critical time[21]. On the other
hand, since the checker parts are used for detect-
ing the timing violations, they work at a frequency
that meets the critical delay. This design tech-
nique exploits the fact that the longest path for
an individual operation of a logic circuit is gen-
erally much shorter than the critical path of the
circuit. Furthermore, it utilizes the input signals,
which determine the critical path, being limited
to a few variations. Considering the characteris-
tics of logic circuits and their critical paths, the
circuits could be designed as the longest path de-
termined by most of the operations, for a function
is shorter than the expected cycle time. In order
to maintain throughput, the checker parts are du-
plicated if necessary. Please note that the main
part is essential for maintaining low latency and
that the checker parts only maintain throughput.
If there are serious dependencies between instruc-
tions, high throughput also cannot be maintained
without the main part.

The power reduction is achieved as follows. It is
assumed that the main part is violation-free when
the Vyq voltage is supplied. Based on Eq.(2), its
maximum clock frequency fy4 is as follows.

(Vdd _ ‘/th)l.3—1.5
Vad

X

fad (3)

For easy understanding, Eq.(3) is simplified as

Jdd < Vyq (4)

without loss of generality: i.e. it is assumed that
a is 2. On the suffice this simplification is fairly
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impractical, especially when Vg is small. How-
ever, it is already known that ¢,; is not sensitive
to Vi, scaling if Vi, is scaled together with Vy,[3].
We expect that this joint scaling will be possi-
ble with future technologies such as VI-CMOSI[8]
and ABB-MTCMOS[12]. In addition, V44 reduc-
tion in deep-submicron CMOS is not as detrimen-
tal to speed as in long-channel CMOSI3].
duce power consumption, we would like to supply
a voltage Vi, lower than Vgy. This is possible by
using on-chip DC/DC converters[15]. The clock
frequency should usually be reduced to fr, as de-
termined by V7, but we keep it as f;5. The checker
parts are used to detect timing violations and thus
they work at a frequency f;, with the supply volt-
age Vr. That is, they are timing-violation free.
If the power reduction due to the lower supply
voltage is larger than the increase in power con-
sumption caused by the amount of parallelism, the
proposed technique can efficiently decrease power
consumption.

To re-

opl
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Figure 1. ALU utilizing proposed technique

We will explain our proposal using an example.
However, this proposal is applicable to any com-
binational logics, including datapaths and control
logics. The only stipulation is that latches should
meet timing constraints. In other words, tim-
ing violations should not occur in latches when
working at a higher clock that is distributed to



the main part. Figure 1 depicts an ALU utiliz-
ing the proposed technique. While it is true that
cases caches are critical in many and determine
clock frequency of a microprocessor, it has been
reported that adders and instruction-scheduling
mechanisms become bottlenecks limiting the in-
crease in clock frequency[10, 14]. For example,
Compagq’s Alpha 21264 processor splits execution
pipes into two clusters to meet timing constraints,
while it has a data cache operating at twice the
frequency of the processor clock[6]. Thus, we be-
lieve that ALU is suitable for explaining our pro-
posal because of its simplicity. The shaded box
shows additional circuits for the checker parts. It
is assumed that the ALU currently executes at
the clock frequency f;g; with supply voltage Vg4,
and it is expected that the supply voltage is re-
duced to Vi, say Vi = %. First, ALU is dupli-
cated three times. One ALU, which we call the
main ALU, works at fj; with Vi and the remain-
ing two ALUs, which we call checker ALUs, work
at fr % with V. Thus, the checker ALUs
are free from timing violations and are used to
verify operation of the main ALU. Please remem-
ber that the main ALU is essential for maintaining
low latency and that the checker ALUs only main-
tain throughput. If there are serious dependen-
cies between instructions, high throughput can-
not be maintained without the main ALU. Using
this technique, the ALU’s power consumption is
reduced as follows. The power in the main ALU
is reduced from f4CloaaV}, to fddCload(%)z =

2
JaaC1oadVay e power in the two checker ALUs

1
2
Y Thus, total
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power consumption is reduced from fddCloadVde

to M. That is, it is reduced to ideally by
half. While this represents a rather ideal case, the
power reduction is realistic and attractive when
we use typical values of 1.3-1.5 for a. The aim of

this estimate is to demonstrate CTV potential.

It should be explained again that this approach
is applicable not only to a datapath such as ALU
but also to any combinational logics. One of the
applications of this approach for the control path
is the logic that detects data dependencies be-
tween instructions. This logic is on one of the crit-
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ical paths in in-order issue microprocessors. As-
suming this logic is asserted and is critical only
when there are dependencies, the CTV mechanism
can relieve timing constraints so as not to cause
timing violations only if there are no dependencies
between instructions.

start #1 verify #1
fL
fL
start #2 veri?y #2

Figure 2. Clock signals

Clock signals distributed to the ALUs are shown
in Figure 2. Because the clock signals of the
checker ALUs are complementary, they work al-
ternatively to verify the main ALU. Figure 2 ex-
plains how two consecutive operations start and
are verified. The verification is based on compar-
ing two outputs from the main ALU and one of the
corresponding checker ALUs. If the outputs do
not match, a timing violation is detected. In such
cases, a recovery action should be initiated. Since
the comparators should be violation-free, they will
work at a slower clock frequency fr. In order to
revert the processor state to a safe point where
the error is detected, we propose utilization of a
recovery mechanism used in modern microproces-
sors for speculative execution. In other words, an
instruction’s timing violation is regarded as a mis-
speculated instruction. Thus, there is little hard-
ware overhead in the recovery mechanism.

We consider a mechanism for the recovery ac-
tion. It is based on the instruction-reissue mech-
anism for incorrect data speculation[9, 18]. Its
limited mechanism has already been included in
modern microprocessors[4, 6]. Note that the cor-
rect value is provided by the checker ALUs, and



Table 1. Processor configuration

Fetch Width

Branch Predictor

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

Register Files
Insn. Cache

Data Cache

L2 Cache

4 instructions

512-set, 4-way set-associative BTB, 2048-entry bimodal predictor,
updated in commit stage, 8-entry return address stack, 3-cycle
miss penalty

16-entry instruction queue, 8-entry load/store queue

4 instructions

4 instructions

4 iALU’s, 1 iMUL/DIV, 2 Ld/St’s, 4 fALU’s, 1 fMUL/DIV
iALU 1/1,iMUL 3/1, iDIV 20/19, Ld/St 2/1, fADD 2/1,
fMUL 4/1, DIV 12/12

32 32-bit fixed point registers, 32 32-bit floating point registers
16K direct-mapped, 32-byte blocks, 6-cycle miss penalty

16K 4-way set-associative, 32-byte blocks, 2-port, write-back,
non-blocking load, hit under miss, 6-cycle miss penalty
unified, 256K 4-way set-associative, 64-byte blocks, 48-cycle

miss penalty

thus instruction retry is successful for recovery
from timing faults. That is, when a fault is
detected, it is sufficient to re-execute instruc-
tions following the fault instruction. When us-
ing instruction-reissue, only instructions depen-
dent upon the fault instruction are selectively in-
validated and re-executed. Hence, little perfor-
mance loss is expected. Explaining the process
of instruction-reissue is beyond the scope of this
paper and can be found in [18].

Based on these considerations, it is possible to
detect timing faults and to tolerate violations.

3 Potential of CTV

The goal of this section is not convincing that
the CTV is practical, but presenting its potential
on improving energy efliciency. First, we describe
our evaluation environment. After that, we will
show simulation results.

3.1 Evaluation environment

We implemented a cycle-by-cycle simulator us-
ing SimpleScalar/Alpha tool set (ver.3.0a)[2]. The
baseline model is an out-of-order execution su-
perscalar processor based on the register update

unit[19], and its configuration is summarized in
Table 1.

The SPEC2000 CINT benchmark suite is used
for this study. Table 2 lists the benchmarks
and the input sets. We use the object files pro-
vided by University of Michigan. They were com-
piled by DEC C V5.9-008 on Digital UNIX V4.0
(Rev.1229). For each program, 1 billion instruc-
tions are skipped before actual simulation begins.
Each program is executed to completion or for 100
million instructions. We do not count nop instruc-
tions.

Table 2. Benchmark programs

program input set
164.gzip input.compressed
175.vpr net.in arch.in
176.gcc ccep.d
197.parser | test.in
255.vortex | lendian.raw
256.bzip2 | input.random

When we use one main part and two checker
parts, the clock frequencies fr, and fg should sat-



isfy the following condition.

Jo < fu<2xfr

In this evaluation, we choose the clock frequencies
of fg = 2+ fr and fr for the main and checker
parts respectively. In order to evaluate how timing
violations affect energy efficiency, we make them
occur randomly. We vary probability that timing
violations occur between 0 and 50% of operations,
and measure processor performance. We call the
probability fault probability.

3.2 Results

In this section, we present preliminary results
using the approach described in Section 2. Please
note that the technique should be applied to ev-
ery element which probably violates timing con-
straints. For measuring performance, we use the
committed instructions per second (IPS). Only
useful instructions are considered for counting the
IPS. In other words, nop instructions or those
flushed by branch mispredictions or timing viola-
tions are not included when we calculate the IPS.
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Figure 3. Processor performance

Figure 3 presents processor performance when
the CTV is utilized. Performance of the evaluated
model is normalized by that of the baseline model,
which is explained in Table 1. Figure 3 shows that
processor performance is monotonically degraded
as the fault probability is increased. However, in
some programs, the performance degradation is
less than 10% even when the fault probability is
50%.
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Figure 4. Energy consumption
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Figure 5. Energy-delay product

Figures 4 and 5 present energy consumption
and energy-delay product (EDP) when the CTV
is utilized. Energy consumption and EDP of the
evaluated model are normalized by those of the
baseline model. Thus, if in the figures they mark
less than 100%, we can find that energy efficiency
is improved. Figure 5 shows that energy efliciency
is diminished as the fault probability is increased.
However, in most cases, EDP is reduced by more

than 30%.

4 A Case Study: CSLA

This section presents a case study on evaluating
practicability of the CTV. In order to model the
relationship between boosted clock frequency and
timing error rate, we implement CSLA[13]. Mat-
suo et al. evaluated the similar technique as the

CTV on Carry Lookahead Adder[11].
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Figure 6. Carry select adder

4.1 Evaluation environment

We implement our CSLA using Verilog-HDL
due to the lack of transistor-level process technol-
ogy information. It is shown in Figure 6. After
verifying the correctness of its function by logic
simulation, we logic-synthesize it using Synopsis
DesignCompiler. The synthesized CSLA includes
estimated gate and wire delay based on a standard
ASIC library.

In order to detect timing violation, we simulate
two CSLAs simultaneously on Cadence Verilog-
XL, as shown in Figure 7. One is the upper CSLA
with considering delay, which is the gate-level cir-
cuit synthesized by DesignCompiler. The other is
the lower CSLA without considering delay, which
is the RTL description that we implemented using
Verilog-HDL. As increasing clock frequency dis-
tributed to the registers, the comparator signals
there is a difference between results from the two
CSLAs.

In order to perform logic simulation, we make
test vectors from functional simulation using
SPEC2000 CINT benchmark listed in Table 2.
Due to large simulation time, we restrict test vec-
tors only 40 thousand patterns for each program.

4.2 Results

Figure 8 shows logic simulation results, when
we boosted processor clock frequency by the or-
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Figure 7. Evaluation circuit

der of 1.1 — 3.0. The horizontal line indicates the
boosting ratio and the vertical line indicates the
fault probability. We can find that fault proba-
bility is less than 50% when clock frequency is 2
times faster than that satisfies timing constraints
due to critical paths. For example, in the case
of 176.gcc, the fault probability is approximately
10% when frr = 2% fr,. Figure 5 shows that energy
efficiency is improved by over 40% when the fault
probability is 10%.

5 Related Work

Kondo et al.[7] propose Variable Latency
Pipeline (VLP) structure for integer ALUs. Us-
ing properly two kinds of circuits according to the
longest path of the circuits for each operation, the
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Figure 8. Fault probability

effective execution latency can be almost one cy-
cle while its critical path is longer than one cycle.
Our proposal is strongly influenced by the VLP.
However, our proposal is applicable not only to
ALUs but also to any combinational logics. Us-
ing SPEC92 CINT benchmark suite, the useful-
ness of the VLP is evaluated on a platform of an
in-order execution single-issue processor, but it is
not clear for dynamically-scheduled multiple-issue
processors. In contrast, we made our evaluation
on the out-of-order execution 4-way superscalar
processor.

DIVA[1] is an example of a fault-tolerant mi-
croprocessor based on space redundancy. A simple
checker processor is used for dynamically verifying
committed instructions. Any hardware faults are
corrected using recovery mechanism for incorrect
branch predictions. One of the problems on DIVA
is that it requires additional ports for register files
and caches in order for the checker processor to
share processor contexts with the main processor.
This increases design complexity and circuit delay
of its main processor.

6 Open Issues and Future Work

Currently, we evaluated practicability only on
ALUs. We should evaluate whole processors. One
It is
easily expected that they always occur timing vi-

of the major problems is cache memories.

olations if its clock frequency is boosted. We need
a breakthrough to apply the CTV to caches. One
possible solution is giving up boosting clock fre-

1-7

quency distributed to caches. This increases cache
access latency and might have performance loss.
Thus, it is required to evaluate detailed simula-
tions when the CTV is applied to the remaining
blocks other than cache.

Duplicating a circuit to tolerate timing viola-
tion is a very simple method. In addition, the area
required for the circuit such as ALU is negligible in
the current semiconductor technology. However,
the duplicating might change floorplaning. This
causes timing violations in other blocks in the mi-
croprocessor. One of the solutions is coarse grain
CTV. That is, the whole microprocessor is dupli-
cated. This maintains the floorplaning, however,
some recovery mechanism other than that used in
this paper is required for violations.

The benefit of the CVT would be determined
when it is used on a whole design such as a micro-
processor or other application specific designs us-
ing Verilog-HDL and synthesized gates. Further,
it is better to evaluate CSLA with layout and spice
simulations.

Currently, we are considering to condense mul-
tiple ALU operations[4, 22]. When we utilize the
CTV for the condensing, it becomes possible to
execute dependent operations in one cycle by dy-
namically identifying small delay operations. We
expect that ALU condensing has some contribu-
tion to processor performance. This gain in per-
formance can be translated into energy reduction.

We are also interested in combining the CTV
with the slipstream processor[20]. This is the
coarse grain CTV. The advanced stream is exe-
cuted in the main processor, and the redundant
stream is executed in the checker processor. We
expected that only one checker processor is re-
quired in the coarse grain CTV, because the slip-
stream processor improves performance of the re-
dundant stream by supplying execution results of
the advanced stream to the redundant one as pre-
dictions.

7 Conclusion
In this paper, we proposed the constructive

timing-violation (CTV) for improving energy ef-
ficiency. Reducing supply voltage causes timing



violations, resulting in logic errors. However, if
any tolerant mechanism for the timing violations
is provided, these errors can be avoided. We ex-
plained the example mechanism which is based on
space redundancy and modern speculative execu-
tion. Every timing violation is detected by the
checker circuits and can be recovered by the mis-
prediction recovery mechanism.

Using cycle-by-cycle simulations, we have found
that the CTV efliciently improves energy effi-
ciency. When clock frequency is boosted by the
factor of 2, the CTV improves processor perfor-
mance for all cases even when the fault probabil-
ity equals 50%. The boosting clock frequency by
100% improves energy efficiency by over 40%.

In order to evaluate practicability of the CTV,
we implemented CSLA and investigate its fault
probability. We found that fault probability is less
than 50% when clock frequency is 2 times faster
than that satisfies timing constraints due to criti-
cal paths. Because 50% of the fault probability did
not have severe impact on energy efficiency, pro-
cessors may tolerate the measured 50% of the fault
probability, and it is confirmed that the CTV tech-
nique is effective on improving energy efficiency.
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