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Abstract

processor. When two outcomes for the single program
do not match, a SEU is detected.
We can exploit redundancy in a single processor
[11]. Detecting SEUs is possible by duplicating every
instruction in the program rather than the program
itself. Two redundant copies of the single instruction
are executed simultaneously in the same processor core,
and two results for the instruction are compared with
each other. If they do not match, a SEU is detected.
There is a trade-off between dependability and
performance. For example, up to two times
performance gain is expected when we use two
processor cores for parallel execution rather than for
redundant execution. Hence, it is important to consider
the dependability-performance trade-off and this paper
investigates how to evaluate the tradeoff.
The rest of this paper is organized as follows.
Section 2 introduces the multiple clustered core
processor, which is a platform of this study. Section 3
examines the trade-off between dependability and
performance. Section 4 presents estimation examples.
And Section 5 provides conclusions.

We are currently investigating multiple clustered
core processor for embedded applications. It is
adaptable by considering trade-off between
performance, power, and dependability. It also has
variation resilience due to its structured design. This
paper focuses on investigating trade-off between
dependability and performance. Using MITF (mean
instructions to failure), we quantify three
dependability-performance trade-offs that the multiple
clustered core processor can provide. We find an
intuitive but noticeable result that thread-level
redundancy is much more dependable than
instruction-level redundancy, when those provided by
the multiple clustered core processor are compared.

1. Introduction
Advanced semiconductor technologies increase soft
error rate (SER) [3]. With the reduction in transistor
size, the area per bit scales down. In order to prevent
breakdown caused by high electric field, the supply
voltage also scales down. Hence, the node charge
reduces and the bit cell is easy to flip by cosmic ray
and alpha particles. Since each bit cell becomes small
so that probability that some particles such as neutrons
hit the cell will also become small, resulting in the net
effect of almost constant SER per bit. Since the
number of transistors per chip has been tremendously
increased, SER per chip is also exponentially
increasing.
In order to detect (and if possible to correct) faults
due to single event upsets (SEU), redundant execution
of a single program is proposed [9]. The increase in the
popularity of multicore processors is favorable to the
redundant execution. A single program is duplicated
and its two redundant copies are executed
simultaneously in the different cores on a multicore

2. Multiple Clustered Core Processor
We proposed the multiple clustered core processor
[12] for embedded applications, which require high
energy efficiency. As shown in Figure 1, it is a
homogeneous multicore processor. The difference
from the conventional homogeneous multicore
processors is that it consists of multiple clustered cores
rather than monolithic ones. Each core is based on the
clustered microarchitecture [6]. Figure 1 shows a
mu l t i p l e c l u s t e r e d c o r e p r o c e s s o r w i t h t w o
homogeneous clustered cores, each of which has two
identical clusters. In the figure, each cluster consists of
instruction scheduling queue (IQ), register files (RF),
and functional units (FU). Instruction and data caches
(I$ and D$), branch predictor (BrPred) and decoder
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Figure 2: Reconfigurable Execution Modes
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Figure 1: Multiple Clustered Core Processor
(Decode) are shared by the clusters.

2.1. Power-performance trade-off
We exploit the clustered microarchitecture
combined with multicore architecture in order to make
a trade-off between power and performance. We
proposed cluster gating and core gating [12]. Figure 2
explains how the cluster gating and core gating work.
Providing several execution mode enables to consume
power just enough for the required performance. In our
previous study, we found the multiple clustered core
processor attains equivalent performance to the
conventional homogeneous and heterogeneous
multicore processors with less power consumption [12].
The concept of the clustered core is extended into
multi-performance
processors
for
low-power
embedded applications [8].

2.2. Dependability issue
The multiple clustered core processor has a good
characteristic in its dependability. One of the simple

implementations for providing dependability is to
redundantly execute a single program. Time
redundancy or space redundancy can be utilized. The
conventional multicore processors are very suitable for
exploiting space redundancy for dependability [9]. In
order to check errorless, a single thread is redundantly
executed on multiple cores. When two outcomes for
the single thread (or those for every instruction in the
thread) do not match, a fault is detected. Furthermore,
the multiple clustered core processor can change its
dependability mode according to the importance of the
current thread [12], as shown in Figure 3. If the thread
is critical, it is duplicated and redundantly executed
across multiple cores, as shown in Figure 3(a). If it is
less critical, every instruction in the thread is
duplicated and redundantly executed across multiple
clusters, as shown in Figure 3(b). The trade-off
between dependability and performance is the main
topic of this paper, and will be deeply investigated
later. The trade-off between dependability and power
is another interesting topic and is currently under study.

2.3. Resilience in parameter variations
Another good characteristic of the multiple clustered
core processor is its resilience in parameter variations
[10]. As the complexity of the semiconductor
manufacturing process increases, it is likely that
process variations will be more difficult to control. The
demand for low power leads supply voltage reduction
and hence makes voltage variations a serious problem.
Higher and higher clock frequency increases
temperature variations in a chip. Under these situations
[3], the deep submicron semiconductor technologies
will make the traditional design impossible, since they
can not provide design margins that it requires.
Bowman [4] and Hashimoto [5] demonstrate that due
to the statistical characteristics of delays (1) the mean
delay increases and the standard deviation decreases as
the number of independent critical paths increases, and

(2) both the mean delay and the standard deviation
decrease as the logic depth increases. When chip area
is limited, every core in a multicore processor has
smaller critical path delay than a monolithic singlecore processor does. In addition, the number of critical
paths is larger in the multicore processor than in the
single-core processor, since the former one has
multiple copies of an identical core. The multiple
clustered core processor further decreases its critical
path delay and further increase the number of critical
path, since it divides each core into smaller clusters.
The relationship between the configuration of the
multiple clustered core processor and its variation
resilience is an interesting topic in the future study.

MITF of the first one is formulated as follows:

In the rest of this paper, we focus on the trade-off
between dependability and performance.

MITFundependable =

3. Dependability-Performance Trade-off
Next, we consider dependability-performance tradeoff. We use mean instructions to failure (MITF) [14] as
a metric for evaluating the trade-off. MITF indicates
how many instructions a processor executes between
two errors. MITF is calculated as follows [14]:

MITF =

# instructions # instructions
=
# errors
⎛ # cycles ⎞
⎟⎟
⎜⎜
⎝ f × MTTF ⎠

= IPC × f × MTTF =

IPC × f
error _ rate × AVF

where f is clock frequency, MTTF is mean time to
failure, IPC is instructions per cycle, error_rate is SER,
and AVF is architectural vulnerability factor [14],
which is the probability that a fault in a processor
structure will result in a visible error in a program’s
final output. Using MITF, we quantify dependabilityperformance trade-off of a processor core without any
redundancy, a multicore chip with thread-level
redundancy, and a core with instruction-level
redundancy, which are shown in Figure 3.

MITFinsn =
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Figure 3: Dependability Modes

IPCL × f
N L × Eb × AVFcore

where IPCL is IPC of a large core shown in Figure 2(d),
NL is the total bit of the core, Eb is soft error rate per
bit, and AVFcore is AVF of the processor core without
any redundancy.
MITF of the second model is as follows:

MITFthread
=

IPCL × f
rate _ of _ concurrent _ two _ errors × AVFthread

IPCL × f
⎛ N L C1
⎞
2
⎜
× AVFcore ⎟
N L × 2 C2 × Eb × ⎜
⎟
⎝ N L × 2 C2
⎠
IPCL × f
=
N L × Eb2 × AVFcore

=

(

)

where AVFthread is AVF of the multicore chip with
thread-level redundancy. Here, we ignore every
overhead regarding redundant execution. In this
formulation, we have to consider the case where bit
flips occur at the same bits in the different cores.
While it is possible that bit flips in different bits cause
a same error in both cores, we do not consider the case
here. Considering the situation remains to the future
study.
And last, MITF of the third is as follows:

IPCS × f
rate _ of _ concurrent _ two _ errors × AVFinsn + N shared × Eb × AVFshared

IPCS × f
N cluster × E × AVFcluster + N shared × Eb × AVFshared
2
b

Core
gating

where IPCS is IPC of a small core shown in Figure 2(e),
Ncluster and Nshared are the total bit of the cluster and that
of the structures in the core shared by the clusters,
respectively, AVFinsn , AVFcluster and AVFshared are
AVF of the core with instruction-level redundancy,
that without redundancy, and AVF of the shared
structures, respectively. Here, we ignore every
overhead regarding redundant execution again. In this
formulation, we have to consider the case where bit
flips occur at the same bits in the different clusters. We
do not consider the case where bit flips in different bits
cause a same error in both clusters again.

4. Estimations
In order to compare three MITF’s, we need Eb, three
N’s, two IPC’s, and three AVF’s. We can see Eb is
approximately from 0.001 to 0.01 FIT/bit [7] and we
use the error rate of 0.01 FIT/bit. We consider two
cases where memory structures (caches and TLB) are
protected or not. When they are protected by ECC,
their error rate is 104 times reduced [13].
We assume N is proportional to the area of the
structure. We use the area estimates [12] shown in
Table 1.
Table 1: Area Estimates (mm2) [12]
D cache
I cache
TLB
Fetch, BrPred
Decode
OOO exec
RFs
Func units
Misc
Routing

13.0
10.4
4.4
4.5
1.7
2x 10.1
2x 2.9
2x 6.5
2.4
26.4

Next, we estimate IPC’s through simulations. We
use a multicore processor simulator M5 [2] to estimate
IPC’s. Processor configuration is that used in [12],
which is shown in Table 2. We use 10 programs from
SPEC2000. IPCL and IPCS are summarized in Table 3.
Table 2: Processor Configuration [12]
IQ entries
Int units
FP units
Ld/St units

2x 16
2x 2
2x 2
2x 1

Table 3: Instructions per cycle (IPC)

crafty
gcc
gzip
mcf
twolf
vpr
applu
equake
galgel
lucas

IPCL
1.55
1.09
1.43
2.42
2.07
1.75
1.79
2.36
2.49
2.79

IPCS
1.04
0.81
1.02
1.33
1.24
1.16
1.06
1.36
1.36
1.67

Based on the assumptions and estimations above, we
have Table 4 for processors with non-protected caches.
Here, we assume that all AVF’s have an identical
value and MITFthread and MITFinsn are normalized by
MITFundependable. Surprisingly, MITFinsn is smaller than
MITFundependable for half of the programs. This is
because processor performance (IPC) is seriously
degraded due to lack of functional units.
Table 4: Relative MITF’s (w/o ECC)
MITFthread
crafty
gcc
gzip
mcf
twolf
vpr
applu
equake
galgel
lucas

100

100

MITFinsn
1.08
1.19
1.14
0.88
0.96
1.06
0.95
0.92
0.88
0.96

If we consider that memory structures can be
protected by ECC, we have Table 5. If we can ignore
SEU in memory structures, MITFinsn is improved.
Actually, three AVF are different and we guess
AVFcore > AVFcluster >> AVFshared. Hence, the
differences will be smaller. Nonetheless, we will get
MITFthread >> MITFinsn > MITFundependable. It should be
noted that we can get MITFthread at the cost of higher
power consumption, since two processor cores are
used for redundant execution. This is an intuitive result,
however, we quantified the trade-off between
dependability and performance.

Table 5: Relative MITF’s (with ECC)
MITFthread
crafty
gcc
gzip
mcf
twolf
vpr
applu
equake
galgel
lucas

100

100

MITFinsn
1.40
1.54
1.48
1.15
1.25
1.38
1.24
1.20
1.14
1.25

[3]

[4]

[5]

[6]
[7]

5. Conclusions
[8]

In this paper, we quantified dependabilityperformance trade-off on the multiple clustered core
processor. Under several assumptions and estimations,
we found that thread-level redundancy has much more
dependable than instruction-level redundancy at the
cost of higher power consumption. The estimates will
be used for the decision which redundancy model is
selected for the present thread according to its
importance.
The future studies will include AVF estimation via
simulations. When we use instruction-level
redundancy, we have to consider shared structures,
which are vulnerable to errors [1]. We are also
interested in dependability-power trade-off on multiple
clustered core processor.
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