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Abstract— Double modular redundancy (DMR) is to execute
an operation twice and detect soft-error by comparing the oper-
ation results. The soft-error is corrected by executing necessary
operations again to obtain correct results. Such re-executing op-
erations requires thier input data and many registers are needed
to store the necessary data. In this paper, a method to minimize
the area cost of registers is proposed while the minimization of op-
eration energy consumption is considered with respect to the give
constraints of time, resource, and delay penalty for error correc-
tion. The experimental results show about 20% of register cost is
reduced on average.

I. INTRODUCTION

As LSI chips integrate more transistors and other compo-
nents and the operating power supply voltage decreases, LSI
chips are becoming more vulnerable to soft error caused by
single event upsets (SEU) in registers and memories [1, 2, 3]
and single event transients (SET) in logic circuits [4, 5, 6].

There are several approaches to achieve the sufficient level
of reliability of LSIs against the SEU and SET. The first is the
fault-tolerant approach where the error is corrected at the sys-
tem level. For example, with the triple modular redundancy
(TMR), the same operation is executed three times, the results
are compared, and the majority is adopted as the correct re-
sult [7, 8, 9, 10]. The drawback of this approach is that many
functional units or long operation time is necessary to execute
the operation three times. The second is the circuit hardening
where each elementary circuit is designed so that it is immune
to SEUs [4, 5]. Although the hardening works effectively to
the moderate charge deposited by an SEU, there can be an er-
ror when the charge more than the predetermined threshold is
deposited. The third is the error detection where an error is
detected by executing an operation twice and comparing the
results [11, 12, 13]. If the results are not identical, it is known
that an error has occurred. This scheme is called double modu-
lar redundancy (DMR). In [11, 13] an error is detected but not
corrected. The method in [12] mitigates both SEU and SET
by introducing sufficient length of delay. The drawback of the
method is the operation speed is half the circuit without DMR.

A soft-error in DMR is corrected by executing necessary op-
erations again to produce the correct data. Such re-executing

operations requires their input data and many registers are
needed to store those necessary data. Thus the minimization
of the area cost of registers is an important task in DMR de-
sign. In [13], a delay penalty was introduced to minimize the
energy consumption of operations by appropriately assigning
power supply voltages to operations. In this paper, a method to
minimize the area cost of registers is proposed while the min-
imization of energy consumption is considered with respect to
the given constraints of time, resource, and delay penalty for
error correction.

II. ERROR COLLECTION AND REGISTER USAGE IN DMR

A. Error model and DMR

To detect soft-error in DMR, an operation execution and
the input data to the operation are duplicated, and the dupli-
cated operation results are compared. Error is modeled so that
no more than one error occurs at the same time in the input
data, duplicated operation execution, and the comparison, all
of which are related to an operation. When an error is detected
for an operation, the error exists in one of the duplicated in-
put data, in the operation executions, or in the comparison. In
the case that an error is detected, the operation is executed in a
duplicated manner and the results are compared again. The re-
execution is done within a sufficiently short time interval from
the error and thus no error occurs during the re-execution.

B. Error correction by replay

When an error is detected in DMR, the error can be miti-
gated by executing necessary operations. Figure 1 shows an
example of the error mitigation. Assume there are two opera-
tions ‘1’ and ‘2’ and there exists data dependency that ‘2’ uses
the result of ‘1’ as shown in Fig. 1(a). Let ‘2’ be said a child of
‘1’. With DMR, each operation is executed twice and these are
called respectively the primary and secondary executions of
the operation. They are denoted as ‘1P’ and ‘1S’ for operation
1. When both 1P and 1S are executed and the results are stored
in registers, they are compared to check an error. Figure 1(b) is
a time chart showing the schedule of operation executions and
comparisons, where ‘E’ denotes a comparison. Let Di,m denote
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Fig. 1. An example for error correction by Replay in DMR. (a) a DFG.
(b) schedule for operation execution. (c) replaying the schedule when an error
is detected.

the result produced by im for operation i (m = P or m = S). For
example, 1P and 1S start at clock cycle (CC) 0 and 1, respec-
tively. Both 1P and 1S take one CC and D1,P and D1,S are
stored in registers at the end of CC 0 and CC 1, respectively.
An arrow in Fig. 1(b) represents the lifetime of data stored in a
register. The comparison between D1,P and D1,S is done at CC
2. If the comparison is affirmative, i.e., the compared data are
equal, any of 1P, 1S, and D1,P and D1,S stored in registers does
not contain an error. If the comparison is negative, either 1P or
1S, or one of the data stored in registers, or even the compari-
son itself contains an error. Since it is not possible to identify
which is erroneous and which are correct, both 1P and 1S are
executed again, and D1,P and D1,S are stored in registers again.
According to the error model where at most one error occurs
within a short time period, re-executed 1P and 1S, and D1,P

and D1,S stored in registers are error-free, and thus the error is
mitigated.

When an error occurred with operation 1, the child (chil-
dren) of operation 1 which has executed before re-execution
of operation 1 might have used erroneous D1,P and D1,S. Thus
the child (children) must be re-executed when operation 1 is re-
executed. Such re-execution of a child (children) can be easily
achieved by repeating the schedule from the start of 1P. Let
this scheme be called replay. Figure 1(c) shows an example
of replay when an error occurred for operation 1. Since 1P is
scheduled at CC 0 and the error occurred for operation 1 is de-
tected at CC 3, the part of the schedule from CC 0 to CC 3 is
executed again in the replay. The replayed CC is denoted as
‘Rt’ for the original CC t. By re-executing 1P, the error-free
Di,P is stored in a register, and 2P is also re-executed using the
error-free Di,P. After the replay, the original schedule resumes.

C. Register requirement for replay

Figure 2(a) shows another possible schedule of operations in
the DFG in Fig. 1(a). When either D1,P or D1,S or both are used
by operation 2, D1,P and D1,S are compared to check whether
D1,P or D1,S contains an error. The origin of the error may
be either (1) an SET in the functional unit (FU) to execute 1P

or 1S produces an erroneous D1,P or D1,S and it is stored in a
register, or (2) the correct D1,P and D1,S are stored in registers
but an SEU in the register causes the error. In the schedule of
Fig. 2(a), D1,P and D1,S are compared at CC 3. If the com-
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Fig. 2. Register mode selection for replay delay penalty and register cost.
(a) operation 1 is in RR mode satisfying pE = 4. (b) delay penalty by
replaying operation 1 is larger than pE = 4. (c) operation 1 is in HR mode.

�

� �

� �

� �

� ���

�

����	


�	��	

���
�

�

�

�

��
�
�

�
�
�

���� ��	
�

�����������

��������	

�����

Fig. 3. Hardened register (HR).

parison is negative, replay is initiated to re-execute 1P and 1S.
By the replay, the execution of operations is delayed. In real-
time applications, such delay penalty must be limited within
a predetermined value. Let pE denote the allowed maximum
delay penalty caused by the replay. Assume pE is specified as
4 CCs. In the case of the schedule shown in Fig. 2(a), the de-
lay penalty by replaying operation 1 is 4 CCs and it is within
pE . In the case of a schedule shown in Fig. 2(b), an error in
registers storing D1,P and D1,S are detected at CC 6 when 2S is
executed and replaying 1P causes the delay penalty of 7 CCs
and it violates pE .

Figure 3 shows the hardened register (HR) introduced in
[12]. It is a DMR-style register and has the advantage that
an SEU in one of the latches in an HR does not cause an error
at the output and the SEU is corrected as the clock signal tran-
sitions. The drawback is that even when a given input data is
wrong, it is loaded in the register. Therefore the correctness of
the data given to an HR register must be checked outside the
register.

An HR can be used instead of a regular register (RR) to store
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D1,P if the replay delay penalty violates the specified pE . In the
schedule shown in Fig. 2(c), D1,P is stored in an HR and its cor-
rectness is checked by comparing it with D1,S at CC 2. Once
the correctness of the data is ensured, it is not necessary to fur-
ther check the data for error detection since HRs are SEU-free.
Because the comparison between D1,P and D1,S is eliminated,
the replay for operation 1 is not necessary and no delay penalty
is caused. Let this situation be said “operation i is in HR mode”
where Di,P is stored in an HR. On the other hand, if an RR can
be used to store Di,P without violating the delay penalty (i.e.,
Fig. 2(a)), it is said “operation i is in RR mode.”

The area cost of an HR is larger than the cost of two RRs
because an HR consists of 4 latches and additional circuitry of
C-elements and weak keepers. Therefore RR mode is prefer-
able to minimize the area cost of registers and HR mode should
be used only when necessary.

Assume that operation j is a child of operation i. If op-
eration i is in HR mode, Di,S is used to check whether Di,P

stored in an HR is correct. Once the correctness of Di,P in the
HR is ensured, Di,S becomes unnecessary. Although HRs have
self-error correction capability, an SET in either the C-element
or the weak keeper at the output of an HR cause an error in
the output as can be seen from the circuit of the HR shown in
Fig. 3. It suggests that jP and jS must not refer Di,P in an HR
at the same time. To prevent jP and jS from referring Di,P at
the same time, Di,P is read from the HR before jP referring the
data as the input and it is stored in an RR to be used as the
input to jS. This is illustrated in Fig. 2(c). In minimizing the
area cost of registers, the use of RRs as described above must
be taken into account.

III. PROBLEM FORMULATION AS MIP MODEL

The problem of minimizing energy consumption and the
area cost of registers is formalized as a mixed integer program-
ming (MIP) model. By solving the MIP model, the execution
start time, voltage assignment, and the register mode for each
operation are determined so that the total area cost of regis-
ters is minimized as well as the energy consumption of oper-
ations is minimized with respect to the given time constraint
and FU configuration constraint. The following variables and
parameters are employed. The objective is to minimize the en-
ergy consumption in Eq. (18) with respect to the constraints in
Eqs. (1)–(17).

The range of possible execution start time of an operation is
called a scheduling range [14]. The scheduling range is deter-
mined by the ‘as soon as possible’ (ASAP) and the ‘as late as
possible’ (ALAP) schedules. The ASAP schedule is obtained
by solving the longest path problem on the DFG describing
the given processing algorithm and is known to satisfy all the
precedence constraints [15]. The ALAP schedule is obtained
similarly as the ASAP schedule [15].

• DFG (N,E): a given processing algorithm is denoted as a
data-flow graph (DFG) with the set of nodes N represent-
ing operations and the set of edges E representing data de-

pendencies among operations. di j denotes the delay count
on the edge (i, j) ∈ E.

• PPi: the subset of N and consists of the nodes which share
the child (children) with i in the DFG. In other words,
for each node j where the edge (i, j) ∈ E, the node k is
included in PPi if an edge (k, j) ∈ E.

• V : the set of available supply voltages.

• F : the set of operation types.

• Ti,m: the scheduling range of the operation execution im.

• Xt,v
i,m: a binary variable and becomes 1 when im starts at

time t and is assigned the voltage v.

• MRt
i,m: a binary variable and becomes 1 when an RR is

required at time t to store a data produced by im. MRt
i,S

becomes 1 also when the result of iP is in the HR mode
and it is copied and stored in an RR at t to be used as the
input data by the secondary of the children of i.

• MHt
i,P: a binary variable and becomes 1 when an HR is

required at time t to store a data produced by iP.

• WHi: a binary variable and becomes 1 when the result of
iP is in the HR mode.

• RegH, RegR: integer variables representing the required
number of HRs and RRs, respectively.

• qv
i : a constant indicating the duration of the operation ex-

ecution iP or iS when it is assigned the voltage v.

• uv
i : a constant indicating the duration for which an exe-

cution of an operation i requires its input data when it is
assigned the voltage v.

• Kv
f : the maximum number of FUs of the operation type f

and the voltage v.

• Nf : the set of operations of the operation type f .

• Lv
f : a constant indicating the duration for which an execu-

tion of an operation occupies an FU of the operation type
f and the voltage v.

• Tr: a constant indicating the iteration period of the given
processing algorithm.

• c(t): a function to obtain the time class of time t. It is the
remainder of the integer division t/Tr.

The following notations are used to simplify the desciption.

tS
i,m = ∑

v∈V
∑

t∈Ti,m

tXt,v
i,m (1)

tE
i,m = ∑

v∈V
∑

t∈Ti,m

(t +qv
i −1)Xt,v

i,m (2)

tS
i,m is the executing start time of im and tE

i,m is the last time of
executing im for i ∈ N and m = {P,S}. Let Di,m denote the data
produced by the operation execution im.

Operation execution

∑
v∈V

∑
t∈Ti,m

Xt,v
i,m = 1 ∀i ∈ N,m = {P,S} (3)

im is executed exactly once at some time at one of the voltages.
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Constraints on the primary and secondary executions

tS
i,P ≤ tS

i,S ∀i ∈ N (4)

tE
i,P ≤ tE

i,S ∀i ∈ N (5)

tE
i,S +1 < tS

i,P + pE ∀i ∈ N (6)

Eq. (4) constrains that iS starts no earlier than iP. Eq. (5) con-
strains that iS ends no earlier than iP. The data Di,S becomes
available at tE

i,S +1 and is compared with the data Di,P at or af-
ter tE

i,S +1. Eq. (6) constrains that the penalty for replaying ii,P
(also ii,S and other operations) is within pE .

Precedence constraint

tS
j,P ≥ tE

i,P +1−di jTr ∀(i, j) ∈ E (7)

If there exists data dependency from an operation i to an oper-
ation j, then the precedence relation tS

j,m ≥ tE
i,P +1−di jTr must

be satisfied for every edge (i, j) ∈ E and for m = {P,S}. Since
tS

j,S ≥ tS
j,P with Eq. (4), the precedence relation between iP and

jS is automatically satisfied. Thus only Eq. (7) is sufficient for
the precedence constraint.

Judge register mode of the primary result

tE
j,S +1 < tS

i,P + pE +B×WHi ∀(i, j) ∈ E (8)

tE
k,S +1 < tS

i,P + pE +B×WHi ∀i ∈ N,k ∈ PPi (9)

B is a sufficiently large positive constant. Assume that an op-
eration j is a child of an operation i (an edge (i, j) exists in
E). The data D j,S becomes available and is compared with the
data D j,P at tE

j,S + 1. If D j,P and D j,S differ, i.e., either jP or
jS contains an error, j is replayed using Di,P as the input data.
To prepare for the replay, Di,P must be held in a register until
tE

j,S +1. In the case that tE
j,S +1 ≥ tS

i,P + pE , WHi is set to 1 by
Eq. (8) to indicate that an HR must be used to hold Di,P.

Assume that j is also a child of another operation k (k ∈ PPi).
There can be the case that tE

k,S + 1 > tE
j,S + 1, that is, Dk,P and

Dk,S are checked after tE
j,S + 1 as illustrated in Fig. 4. If kP or

kS contains an error and k is replayed, j is also replayed and
Di,P is required as the input data of j. Therefore Di,P must be
held in a register until tE

k,S +1 to prepare for the replay. Eq. (9)
constrains that WHi is set to 1 to indicate that an HR must be
used to hold Di,P when tE

k,S +1 ≥ tS
i,P + pE .

Note that in Fig. 4, both jP and jS refer Dk,P at CC 3 as the
input. If an error occurred in the register storing Dk,P at CC 3,
both jP and jS use the erroneous data, but the error cannot be
detected by comparing the results of jP and jS. Dk,S is com-
pared with Dk,P and the error in Dk,P is detected at CC 5. In
that case, jP and jS are re-executed properly by the replay.

Register requirement for the primary result

∑
v∈V

∑
t∈Ti,P

t<τ−qv
i

Xt,v
i,P +∑

v∈V
∑

t∈Tj,S
t+qv

j≥τ−di jTr

Xt,v
j,S ≤ MRτi,P +MHτ

i,P +1

(10)

Error detected
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Fig. 4. Register requirement for the primary result. (a) a DFG. (b) Di,P must
be stored until k ∈ PPi is checked.

∀(i, j) ∈ E,τ ∈ OR(i, j)

∑
v∈V

∑
t∈Ti,P

t<τ−qv
i

Xt,v
i,P +∑

v∈V
∑

t∈Tk,S
t+qv

k≥τ

Xt,v
k,S ≤ MRτi,P +MHτ

i,P +1 (11)

∀k ∈ PPi,τ ∈ OR(i,k)

When Di,P is produced before time τ and held at or after τ (the
left hand side of Eq. (10) and/or Eq. (11) becomes 2), a register,
eigher RR or HR, is required at τ to store Di,P. This is checked
for each τ in the range during which Di,P may be stored in a
register. The range OR(i, j) begins from the lower bound of
tE
i,P +1 at which Di,P is produced and ends at the upper bound

of tE
j,S +1 for (i, j) ∈ E. The range OR(i,k) begins at the same

time as OR(i, j) and ends at the upper bound of tE
k,S + 1 for

k ∈ PPi.

Register requirement for the secondary result

∑
v∈V

X
τ−qv

i ,v
i,S ≤ MRτi,S ∀i ∈ N,τ−qv

i ∈ Ti,S (12)

∑
v∈V

uv
i −1

∑
t ′=0

τ−t ′∈Ti,S

Xτ−t ′,v
i,S ≤ MRτi,S ∀i ∈ N,τ−qv

i ∈ Ti,S (13)

∑
v∈V

∑
t∈Ti,S

t<τ−qv
i

Xt,v
i,S +∑

v∈V
∑

t∈Tj,S
t+uv

j−1≥τ−di jTr

Xt,v
j,S ≤ MRτi,S +WHi +1

(14)∀(i, j) ∈ E,τ ∈ OR(i, j)

When iS is completed, Di,S is stored in an RR to be compared
with Di,P. Thus an RR is used at time τ if iS starts at τ − qv

i
with the voltage v. This is constrained by Eq. (12). If an oper-
ation j is a child of i ((i, j) ∈ E exists), executing jS requires
the result of operation i as the input and it is stored in an RR
which is different from the register holding Di,P. Hence an RR
is necessary from the start of jS for the duration uv

j. This is
constrained by by Eq. (13).

In the case that iP is in HR mode, the input data of jS men-
tioned above is copied from an HR holding Di,P just before
executing jS. In the case that iP is in RR mode, on the other
hand, Di,S produced by iS is stored in an RR and held there
until it is used by jS. Eq. (14) constrains that, if iP is in RR
mode (WHi = 0), an RR is used to store Di,S from the time it
is produced until the time it is last used.
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Register count

RegH ≥ ∑
i∈N

∑
t

c(t)=tc

MHt
i,P (15)

RegR ≥ ∑
i∈N

∑
t

c(t)=tc

MRt
i,P +MRt

i,S (16)

∀tc = {0,1, . . . ,Tr−1}

The required number of registers is obtained as the largest reg-
ister usage among all the time classes.

FU constraint

∑
i∈Nf

∑
m={P,S}

Lv
f −1

∑
t ′=0

∑
t−t ′∈Ti,m
c(t−t ′)=tc

Xt−t ′,v
i,m ≤ Kv

f (17)

∀tc = {0,1, . . . ,Tr−1}, f ∈ F,v ∈V

For each time class tc, operation type f , and voltage v, the
number of operations executed simultaneously in tc should not
exceed the specified constraint Kv

f .

Objective The objective is to minimize the Cost calculated
as follows.

Cost = ∑
f∈F
∑
v∈V

ECQv
f ∑

i∈Nf

∑
m={P,S}

∑
t∈Ti,m

Xt,v
i,m

+α
(
ERHRegH +ERRRegR

)
(18)

ECQv
f , ERH , and ERR are respectively the energy consumption

of one execution of an operation of type f at voltage v, the area
cost of an HR, and the area cost of an RR. With a sufficiently
small positive weighting factor α , the area cost of registers
is minimized as long as the energy consumption of operation
executions is minimized.

IV. EXPERIMENTAL RESULTS

An MIP solver IBM ILOG CPLEX 12.6.0.0 [16] was used
to solve MIP models. MIP models were generated by a pro-
gram implemented using C++ programming language. The
CPU time for model generation is less than 1 s for each model.
All the experiments were done on a PC with a 2.2 GHz micro-
processor running 8 threads on 4 physical cores and 8 GB of
main memory. The processing algorithms used were the 5th
order wave elliptic filter (WEF) [14] consisting of 8 multipli-
cations and 26 additions, the WEF unfolded [18] by factor 3
(WEF3, 24 multiplications and 78 additions), and 8-point 1D
DCT [17] (DCT) consisting of 11 multiplications and 29 addi-
tions.

Assuming a 0.18μm CMOS process as the target, the char-
acteristics of the 16-bit functional units are summarized in Ta-
ble I. In the experiments, only two levels of supply voltages
were employed. The higher voltage is 1.8 V and the lower volt-
age is 1.2 V. Shown in Table I are from left to right, the name

TABLE I
SPECIFICATION OF RESOURCES

ID f Vdd [V] q L ECQ [pJ]
AH addition 1.8(H) 1 1 3.9626
AL addition 1.2(L) 2 2 1.7611
MH multiplication 1.8(H) 2 1 44.949
ML multiplication 1.2(L) 3 1 19.977

TABLE II
RESULTS FOR WEF

DFG T FU pE HR RR RC EC CPU

WEF 16 4,2,2,0 3 11 12 −3.1% 967.4 < 1
4,2,2,0 3 13 8 < 1

22 3,2,2,0 3 9 10 −12.8% 950.3 17
3,2,2,0 3 12 7 9

28 2,2,2,0 3 10 7 −4.8% 936.5 232
2,2,2,0 3 11 6 199

WEF 16 4,2,1,1 4 9 13 −20.7% 593.3 < 1
4,2,1,1 4 14 8 < 1

22 3,2,1,1 4 13 11 −9.9% 602.3 29
3,2,1,1 4 16 8 20

28 2,2,1,1 4 11 8 −10.4% 634.8 (180)
2,2,1,1 4 13 7 (179)

WEF 16 4,2,1,1 5 9 13 −21.3% 590.1 < 1
4,2,1,1 5 15 7 < 1

22 3,2,1,1 5 10 10 −15.4% 509.3 21
3,2,1,1 5 14 6 10

28 2,2,1,1 5 10 8 −12.6% 487.5 168
2,2,1,1 5 13 5 38

of the functional unit, the operation type ( f ), the power supply
voltage, the operation duration in clock cycle (q), the duration
for which an execution of the operation occupy an FU (L), and
the average energy consumption in pJ. The operation duration
of the addition AH is 1 clock cycle. The addition at the lower
voltage requires 2 clock cycles to execute and occupies an FU
for 2 clock cycles. The multipliers are pipelined. The opera-
tion duration of MH is 2 clock cycles but the same FU is used
for the next execution after 1 clock cycle. The multiplication
ML is pipelined into 3 clock cycles. Thus the operation du-
ration is 3 clock cycles and an FU (a multiplier at the lower
voltage) is occupied for 1 clock cycle.

The values of ERH , ERR, and α in Eq. (18) were set to 2.67,
1.00, and 0.01, respectively, in the experiments.

The results by solving the MIP models are summarized
in Tables II, III, and IV. The tables show the processing al-
gorithm, the iteration period Tr specified as the time con-
straint, the resource constraint for FUs, the limit of replay de-
lay penalty pE , the required numbers of HRs and RRs, com-
parison of the area cost of registers, the minimized energy con-
sumption in pJ, and the CPU time in second. The resource
constraint for FUs indicates the specified limit of the numbers
of AH, AL, MH, and ML. For each combination of DFG and
Tr, the upper row is the result for optimized selection between
HR and RR modes, and the lower row is the result where only
HR mode is used. RC shows the reduction of the area cost of
registers by the register mode selection.

In the case of pE = 3, ML cannot be used because q = 3 for
ML and using ML always cause the replay delay penalty larger
than pE . As pE gets larger, more operations are in RR mode
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TABLE III
RESULTS BY WEF3

DFG Tr FU pE HR RR RC EC CPU
WEF3 48 4,2,2,0 3 5 13 −17.7% 2892 < 1

4,2,2,0 3 9 8 < 1
51 3,3,2,0 3 7 9 −13.5% 2877 350

3,3,2,0 3 9 8 152
WEF3 48 4,2,1,1 4 3 15 −30.3% 1771 2

4,2,1,1 4 9 9 < 1
51 3,3,1,1 4 6 13 −20.9% 1678 19

3,3,1,1 4 10 10 8
WEF3 48 4,2,1,1 5 4 14 −26.8% 1762 5

4,2,1,1 5 10 7 1
51 3,3,1,1 5 5 14 −28.7% 1595 54

3,3,1,1 5 11 9 17

TABLE IV
RESULTS FOR DCT

DFG Tr FU pE HR RR RC EC CPU

DCT 8 6,5,4,0 3 6 21 −15.9% 1267 < 1
6,5,4,0 3 12 12 < 1

12 4,4,2,0 3 4 15 −16.3% 1236 26
4,4,2,0 3 7 12 13

14 3,3,2,0 3 5 10 −20.4% 1223 87
3,3,2,0 3 8 8 1610

DCT 8 6,5,3,1 4 5 19 −28.1% 993.3 < 1
6,5,3,1 4 12 13 < 1

12 4,4,1,2 4 3 13 −26.7% 620.9 53
4,4,1,2 4 7 10 45

14 3,3,2,1 4 4 13 −20.2% 633.1 159
3,3,2,1 4 7 11 46

DCT 8 6,5,3,1 5 3 25 −29.8% 940.5 < 1
6,5,3,1 5 12 15 < 1

12 4,4,2,2 5 4 15 −24.5% 557.0 14
4,4,2,2 5 9 10 7

14 3,3,2,1 5 5 13 −22.5% 592.0 35
3,3,2,1 5 9 10 18

and the requirement for using HRs is reduced. Hence the area
cost of registers becomes smaller for larger pE . The results
show that the area cost of registers can be minimized with-
out degrading the minimization of energy consumption with
respect to the given time and resource constraints.

V. CONCLUSIONS

In this paper, a method to minimize the area cost of regis-
ters is proposed while the minimization of energy consump-
tion is considered with respect to the give constraints of time,
resource, and delay penalty for error correction. The area cost
of registers is reduced by about 20% on average without de-
grading the minimization of energy consumption.

Considering the energy consumption of registers as well as
other components such as multiplexors and voltage level con-
verters, and developing a heuristic algorithm for the problem
remain as future work.

REFERENCES

[1] P. Hazucha and C. Svensson, “Impact of CMOS technology scaling on
the atmospheric neutron soft error rate,” IEEE Trans. Nucl. Sci., vol.47,
no.6, pp.2586–2594, 2000.

[2] P. Hazucha and C. Svensson, “Cosmic ray neutron multiple-upset mea-
surements in a 0.6-μm CMOS process,” IEEE Trans. Nucl. Sci., vol.47,
no.6, pp.2995–2602, 2000.

[3] J.A. Maestro and P. Reviriego, “Study of the effects of MBUs on the
reliability of a 150 nm SRAM device,” Proc. DAC 2008, pp.930–935,
2008.

[4] M.P. Baze, S.P. Buchner, and D. McMorrow, “A digital CMOS de-
sign technique for SEU hardening,” IEEE Trans. Nucl. Sci., vol.47,
pp.2603–2608, 2000.

[5] R. Garg and N. Jayakumar, “A design approach for radiation-hard digi-
tal electronics,” Proc. DAC 2006, pp.773–778, 2006.

[6] R. Garg, C. Nagpal, and S.P. Khatri, “A fast, analytical estimator for the
SEU-induced pulse width in combinational designs,” Proc. DAC 2008,
pp.918–923, 2008.

[7] S.W. Kwak and B.K. Kim, “Task-scheduling strategies for reliable
TMR controllers using task grouping and assignment,” IEEE Trans. Re-
liability, vol.49, pp.355–362, 2000.

[8] B.J. LaMeres and C. Gauer, “A power-efficient design approach to radi-
ation hardened digital circuitry using dynamically selectable triple mod-
ulo redundancy,” Military and Aerospace Programmable Logic Devices
(MAPLD) Conference, pp.1–5, 2008.

[9] S. Golshan and E. Bozorgzadeh, “SEU-aware resource binding for
modular redundancy based designs on FPGAs,” Proc. DATE 2009,
pp.1124–119, 2009.

[10] D. Tsuruta, M. Wakizaka, Y. Hara-Azumi, and S. Yamashita, “A TMR-
based soft error mitigation technique with less area overhead in high-
level synthesis,” Proc. SASIMI 2012, pp.396–401, 2012.

[11] S. Matsuzaka, K. Inoue, “A Dependable Processor Architecture with
Data-Path Partitioning,” IPSJ Tech. Report, vol. 2004-SLDM-117, pp.
7–11, 2004.

[12] S. Mitra, M. Zhang, S. Waqas, N. Seifert, B. Gill, and K. S. Kim, “Com-
binational Logic Soft Error Correction,” Proc. IEEE Int. Test Conf., pp.
824–832, 2006.

[13] Y. Suda and K. Ito, “A Method of Power Supply Voltage Assignment
and Scheduling of Operations to Reduce Energy Consumption of Error
Detectable Computations,” Proc. SASIMI 2012.

[14] S.M. Heemstra de Groot, S.H. Gerez, and O.E. Herrmann, “Range-
chart-guided iterative data-flow graph scheduling,” IEEE Trans. Cir-
cuits Syst.-I: Fund. Theory & Appl., vol.39, pp.351–364, 1992.

[15] G. D. Micheli, Synthesis and Optimization of Digital Circuits,
McGraw-Hill, New York, 1994.

[16] IBM ILOG CPLEX, http://www.ilog.com/.
[17] C. Loeffler, A. Ligtenberg, and G.S. Moschytz, “Practical fast 1-d dct

algorithms with 11 multiplications,” Proc. IEEE ICASSP ’89, pp.988–
991, 1989.

[18] K.K. Parhi and D.G. Messerschmitt, “Static rate-optimal scheduling
of iterative data-flow programs via optimum unfolding,” IEEE Trans.
Computers, vol.40, pp.178–195, 1991.

- 61 -



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /CarbonBlock
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CurlzMT
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /HelveticaNarrow
    /HelveticaNarrowBold
    /HelveticaNarrowBoldLefty
    /HelveticaNarrowBoldOblique
    /HelveticaNarrowLefty
    /HelveticaNarrowOblique
    /Helvetica-Oblique
    /HGGothicE
    /HGGothicM
    /HGGyoshotai
    /HGKyokashotai
    /HGMaruGothicMPRO
    /HGMinchoB
    /HGMinchoE
    /HGPGothicE
    /HGPGothicM
    /HGPGyoshotai
    /HGPKyokashotai
    /HGPMinchoB
    /HGPMinchoE
    /HGPSoeiKakugothicUB
    /HGPSoeiKakupoptai
    /HGPSoeiPresenceEB
    /HGSeikaishotaiPRO
    /HGSGothicE
    /HGSGothicM
    /HGSGyoshotai
    /HGSKyokashotai
    /HGSMinchoB
    /HGSMinchoE
    /HGSoeiKakugothicUB
    /HGSoeiKakupoptai
    /HGSoeiPresenceEB
    /HGSSoeiKakugothicUB
    /HGSSoeiKakupoptai
    /HGSSoeiPresenceEB
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /MingLiU
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MVBoli
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Regular
    /NewCenturySchlbk-Bold
    /NewCenturySchlbkBoldCn
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbkBoldLeftie
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewCenturySchlbkRomanCn
    /NewCenturySchlbkRomanLeft
    /NewGulim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OCRB
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /UnDotum
    /UnDotum-Bold
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


