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Relay selection has been regarded as an effective method
to improve the performance of cooperative communi-
cation system. However, frequent operation of relay
selection can bring enormous control message overhead
and thereby decrease the performance of cooperative
communication. To reduce the relay selection frequency,
in this paper, we propose a relay selection scheme
to choose the best relay with considering successive
packets transmission. In this scheme, according to
the length of data packet, data transmission rate and
the estimated channel state information (CSI), the best
relay is selected to maximize the number of successive
packets transmission under the condition that the given
symbol-error-rate (SER) is kept. Finally, numerical re-
sults show that the proposed relay selection scheme can
support the operation of successive packets transmission
in cooperative wireless networks and that the maximum
number of successive packets transmission is affected by
the different network parameters, i.e., data transmission
rate, packet length and Doppler frequency at one relay
node.
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1. Introduction

Cooperative communication has been shown to
be a promising method to mitigate the wireless
channel impairments by establishing a virtual
multiple-input multiple-output (MIMO) system
without the need of multiple antennas at one
node [1, 2]. In cooperative communication sys-
tem, there may be multiple relays which assist a
source to forward its information to its destina-
tion. Therefore, for improving the performance
of cooperative communication, it is important
to select the optimal cooperating relays among

all available relays. Generally, cooperation with
more than an optimal relay can obtain better per-
formance, but it can bring more control signal-
ing overhead, and the synchronization process
is more difficult. So, as far as implementa-
tion is concerned, the best relay selection can
substantially reduce the system complexity and
overhead. At the same time, it is shown in [3, 4]
that the same cooperative diversity gain can be
obtained when only the best relay participates
in cooperation. In this paper, we also take into
account the problems of selecting the best relay.

In recent years, relay selection schemes have
been studied extensively and the outstanding
works have been reflected in [5-15]. According
to the difference in relay selection criterion, we
can broadly classify the relay selection schemes
into five categories.

(1) Relay selection based on channel state in-
formation (CSI): In [5], opportunistic relaying
(OR) scheme was proposed to select the best re-
lay in a distributed manner. In OR, each poten-
tial relay needs to estimate the exact CSI of two
links (source-relay and relay-destination), and
two policies (the minimum and the harmonic
means of the channel quality of two links) have
been proposed to define the selection criterion.
However, there exists a delay between the re-
lay selection and actual data transmission, and
the CSI used in relay selection can differ from
that during data transmission. Fei et al. in [6]
studied how to select the relay under the out-
dated CSI and propose maximum a posteriori
(MAP) estimation to predict the actual signal-
to-noise ratio (SNR) of each relay during data
transmission.
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(2) Relay selection based on energy efficiency:
In wireless networks, nodes are often equipped
with limited battery power. So, energy conser-
vation becomes an important factor in design-
ing relay selection protocols. In [7], power-
aware relay selection (PARS) strategies were
proposed to maximize the network lifetime. In
PARS, three relay selection criteria were pro-
posed to select the best relay, i.e., minimiz-
ing the total transmission power, maximizing
the residual power and maximizing the ratio of
the transmission power to the current residual
power. However, the PARS does not combine
with the specific protocol to analyze energy con-
sumption, and the energy consumption brought
about by the protocol overhead cannot be ig-
nored. Zhou et al. in [8] designed a link-utility-
based cooperative MAC (LC-MAC) protocol
and analyzed the problems of energy consump-
tion.

(3) Relay selection based on geographical infor-
mation: In [9], a geographic-based relay selec-
tion scheme was proposed to utilize the source-
relay and relay-destination distance as criteria
to choose the best relay, aiming to minimize
the symbol error probability (SEP) at the des-
tination. However, the imperfect geographical
information may affect the SEP performance.

(4) Relay selection based on outage probabil-
ity: In [10], an outage-optimal relay selection
(OORS) scheme was proposed. In OORS, the
feedback is utilized from the receiver to deter-
mine whether relay cooperation is necessary
and adaptive forwarding with either amplify-
and-forward (AF) or decode-and-forward (DF)
protocol is applied. Furthermore, in order to
improve the selection fairness among relays, an
outage priority based proportional fair schedul-
ing scheme was proposed in [11] without outage
performance deterioration.

(5) Interference-aware relay selection: When
there are multiple source-destination pairs, in-
terference can occur among transmissions and
greatly decrease the network performance. Zhu
et al. in [12] analyzed the impact of interfer-
ence on network performance through theory
and experiment, and proposed two channel al-
location mechanisms to mitigate the impact of
interference. However, it is not investigated
in [12] how to select the relay under interfer-
ence condition. Afterwards, in [13-15], the spe-
cific interference-aware relay selection schemes
were proposed respectively.

To the best of our knowledge, all the proposed
relay selection schemes assume that relay se-
lection is carried out once the source sends a
data packet, which means that when the source
needs to send multiple data packets successively
(especially in multi-hop networks, a session,
such as voice and video occurred in a source-
destination pair, usually need to transmit multi-
ple data packets), relay selection should be car-
ried out repeatedly. It is obvious that frequent
operations of relay selection can bring enor-
mous control message overhead and thereby
decrease the performance of cooperative com-
munication. To reduce the relay selection fre-
quency, in this paper, we propose a relay selec-
tion scheme to choose the best relay, consid-
ering successive packets transmission. In this
scheme, according to the length of data packet,
data transmission rate and CSI, the best relay
is selected to maximize the number of succes-
sive packets transmissions under the condition
that the given symbol-error-rate (SER) is kept.
Simulation results show that the proposed relay
selection scheme can support the operation of
successive packets transmission in cooperative
wireless networks and the maximum number of
successive packets transmissions is affected by
different network parameters, i.e., data trans-
mission rate, packet length and Doppler fre-
quency at one relay node.

The rest of this paper is organized as follows.
In Section 1II, the corresponding system model
is presented. In Section III, the best selection
scheme is proposed. Afterwards, in Section IV,
numerical results of the proposed scheme are
given. Finally, in Section V, the conclusions
and future work are presented.

2. System Model

As shown in Figure 1, we consider a coopera-
tive wireless network where a source (S) trans-
mits data packets to a destination (D) through
the cooperation of N relays (R;,1 < k < N,).
We assume that all nodes operate in half-duplex
AF model over Rayleigh fading model. Let
h;; denote the fading coefficient of the chan-
nel from node i to node j. We assume that
the magnitude |4, j| follows a Rayleigh distri-
bution. Furthermore, as in [16], we consider
a block-fading channel where the channel re-
sponse remains constant during one data trans-
mission phase and the different channels are
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independently distributed. It is also assumed
that each relay has an accurate estimate of its
position.

(a) the first stage (b) the second stage

Figure 1. Cooperative communication system model.

In a cooperative communication system, prior
to data packets transmission, the operation of re-
lay selection must be conducted. Here, in order
to reduce the system complexity and overhead,
we consider the best relay selection scheme.
Afterwards, the cooperative transmission is di-
vided into two stages, as follows. In the first
stage, the source broadcasts the symbol x with
the transmission power P to the destination and
the relays. Let y; 4 and y, , denote the signals
received at the destination and the relays, re-
spectively. We can derive

Vs d = V Pshs,dx + Nga, (1)
Ys;r = V Pshs,rx + Ns.ry (2)

where h, 4 and h; , are the channel coefficients
for source-destination and source-relay chan-
nels, n, 4 and ny ;- are the corresponding additive
white Gaussian noise with zero mean and the
same variance 62, i.e., N g, N, ~ CN (0, o2).
Furthermore, we model the hg 4, h;, and h, 4
as zero-mean, independent, circularly symmet-
ric complex Gaussian random variances with

. 2 2 2
variances O, ;, Oy, and Oy, i.e., hsg ~ CN

s,r

(Oa Gsz,d)’ hs,r ~ CN (O, Gir) and hr,d ~ CN

(0,02,). According to [6], the 02, Gs%, and
G% 4 can be expressed as
o7j = (A/4ndo)(do/di)P,
i=s,rj=r,dandi #j (3)

where A denotes the carrier wavelength, d
stands for a reference distance, d; 4, d,, and
d, 4 are the distance of link source-destination,
source-relay and relay-destination respectively,

and 3 denotes the path loss exponent (in this
paper f = 3).

In the second stage, the selected relay amplifies
and retransmits the received signal x, to the des-
tination. According to [17], x, can be written
as

1

X, = Ys,r-
" /P P+ 02

Based on (2) and (4), the signal received at the
destination is

(4)

Yrd = V Prhr,dxr + Nya
VPP,

= hs,rhr,dx + ﬁr,d7

V Pslhg >+ of (5)

VPrhr,d
\/ Ps|hsr|? + 07

notes the actual additive white Gaussian noise
of the link relay-destination and n,4 ~ CN

(0, 02). Therefore, we havefi,. s ~CN (0, ®*07)
and the ®? can be expressed as

where 71,4 = ngr + npq de-

Pr|hr7a’|2
Pylhg > + 02

co2:1+

(6)

In order to achieve maximum likelihood per-
formance, the destination jointly combines the
signal directly from the source in the first stage
and that from the selected best relay in the sec-
ond stage by a maximal ratio combiner (MRC).
According to [18], the combined signal y; can
be written as

VPsh dy ) \/PSP,h;‘: aa
2 s

+ Vrd
(o7 ®>07\/Ps|hs ,|?+ 02 "

_ (7)
where the superscript * stands for the complex
conjugate. According to [18], the SNR y; of the
combined signal at the destination can be given
as

Yd=

Vs, rYrd
: (8)

i=Ysa+ ———,
T %, '}/s,r“f’ Vr,d+1

where ¥, 4 = Ps|hs7d|2/6,%, Yor = Pslhs, /02
and ¥4 = P,|h,4|?/0?2 are the instantaneous
SNRs of link source-destination, source-relay,
and relay-destination, respectively.
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3. Relay Selection Scheme

According to [4], outage performance can be
optimized by selecting the relay with the best
instantaneous SNR. In this section, based on
the predicted CSI, we propose a relay selection
scheme to choose the best relay, considering
successive packets transmission.

3.1. Predicting the Actual Instantaneous
SNR Through the Outdated Version

Since there exists a delay between the relay se-
lection and the actual data transmission, we
need to consider that the SNRs of the link
source-destination, source-relay and relay-desti-
nation available at the selection instant §; 4, s,
and ¥, 4, can differ from the actual SNRs during
packets transmission due to channel variations.
Therefore, it is indispensable to predict the ac-
tual 77, ¥’ and ¥ through the outdated ¥ 4,
¥, and ¥, 4. In Figure 2, we give the difference
between the outdated and actual SNR at differ-
ent time points. We can see that when the delay
between relay selection and data transmission
instant gets larger, the difference between out-
dated and actual SNR increases, and vice versa.

28

26

-4 Current SNR
-@- Outdated SNR,p=0.9038 delay=1ms
|| M Outdated SNR p=0.2911 delay=3ms

L L I L . .
0 4 8 12 16 20 24 28
Time(ms)

Figure 2. The difference between outdated and actual
NRs.

Let ils7d, ilw and il,f’d denote the outdated version
of hy 4, h, and h,. 4 then, according to [19, 20,
hy 4 conditioned on hy 4, h » conditioned on A ,

and h, 4 conditioned on fzrﬁd follow a Gaussian
distribution:

hij/hij ~ CN(pijhij, (1 — pz'ZJ)GiZJ)7
i=s,rj=r,dandi#j 9)

One can utilize the minimum mean-squared
error (MMSE) estimator to predict the actual
SNR, which can be expressed as [19].
v = P+ (1= Py,
i=s,rj=r,dandi#j (10)

where )A/,J = Pi|]:li,j|2/c;% and 71'.]' = P,‘O'l-ZJ/O',%
(i =s,r,j = r,dandi # j). In equations (9)
and (10), the parameter p;; is the correlation
coefficient between h;; and hi ji=srj=
r,dandi # j), which has different expressions
according to the channel model. Under the
Jackes’ model, the correlation coefficient p;;
can be given by

pij = Jo(2nfpT;), (11)

where fp = vf./c (v is the relative speed of
relay node and c is the velocity of light) de-
notes the Doppler frequency, T;; denotes the
delay between the selection instant and the data
transmission instant from node i to node j (i =
s,r,j = rydandi # j), and J(.) denotes the
zero-order Bessel function of the first kind.

3.2. Deriving the SER Under the Actual In-
stantaneous SNR

Based on the predicted SNR, the predicted SNR
77¢" of combined signal at the destination can
be given as
,},actya;t
s,r A,
K+

act __ .act

Yo =Ysa T

(12)

Furthermore, according to [21], the ¥’ can be
tightly upper bounded as

act ,,act
YSJ‘ ’Vr7d
act act*
S,r + ’}/r7d

act act

Yoo =%Ya T (13)

Under the cooperation systems with M-PSK
modulation (in this paper, we let M = 4), we
can obtain the SER expression of the AF cooper-

ation systems in terms of the moment generating
function (MGF)|[21]:

(M—1)7t/M
1 bpsk bpsk
Pser? / My (sin2 Q)M” (sin2 9>d9’

(14)
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where My, denotes the MGF of y1 = ¥f', M,
denotes the MGF of y» = (y%'v%9)/ (%" +

v, and bpsg = sin(n/M).

For Rayleigh fading model, |A;|? is exponen-
tially distributed with parameter 1/ Gin, and the
pinP,- |hi j|%/ 6% are independent exponential ran-
dom variables with parameter f; /=02 /( pinPi Gin)
(i =s,r,j =r,dandi # j). Therefore, we can
obtain the probability density function (PDF)
of the 7":
fij(x)=PBijexp (—Bij(x—(1—p7;)¥; ;) U(x),
i=s,r,j=r,dandi #j (15)

where U(x) = 1 for x > 0 and U(x) = O for
x <O0.

Thus, according to [22], we can derive the ex-
pression of My,:

1
= 16
MYI(S) 1+SE(YI), ( )
where
2 2 2
o Py dPSGsd 1_psd
E — ¢ d — 9! i 9!
(n) /0 fs,a(x)xdx 2 eXP( 3 )

At the same time, according to Theorem 3 and
Theorem 4 in [22] and the PDFs of ¥ and v/,

M, can be written as

ﬁs,r“‘ﬁnd (1_p§,r l_p}%d)
———"exp +
S

Psz,r Pid
(17)

MYz(S)%

As a result, the P,, of the AF cooperation sys-
tems can be expressed as

P Nl /(M_l)n/M (ﬁs,r+ﬁr,d) Sil’l49
0

bpSK(SiIl2 0+bpskE(1))
L—=p7y
Pid

T
1 - pg,r

_|_
P,

: exp( )de

N B
bpskE(1)

1_p§r 1_p%d
(ﬁs,r"f’ﬁnd)exp —+ : ’
( p2 p%d )

s,r (18)

where
| M-Da/m
B=— / sin* 046
T Jo
_3(M—1) n sin(2n/M)  sin(4n/M)

8M 4r 32M

3.3. Selecting Relay for Successive Pack-
ets Transmission

Let denote the packet length, Ry 4, R and R, 4
denote the data transmission rate for the trans-
mission from source to destination, source to
relay and relay to destination. Since, in the first
stage of cooperative communication, the source
broadcasts the packet to the destination and the
relays, we let Ry 4 be equal to R, ,. Here, we
assume that the duration of relay selection is
short and can be negligible compared with that
of data transmission.

Let K denote the number of successive packets
transmission for the relay, the T 4, Ty, and T, 4
can be expressed as

L L
Toa =Ty = (K= 1) (5 +2-),
Rs,r Rnd (19)
L L
Trg=K— + (K—1)—. (20)
s,r Rnd

Therefore, when the packet length L is given
and the certain data transmission rate Ry ,, and
R, 4 are selected by the k-th relay during the
relay selection, the k-th relay can maximize the
K (denoted as K max) through the following
optimization problem:

objective
K} max = maximize K
subject to

(11),(19), (20)
Pser < Pth

where Py, is the threshold of SER to guaran-
tee the requirement of quality of service from
the applications. Finally, the best relay Ris
with the maximum value of K y.x among relay
candidates should be selected, i.e.

(21)

kZest = arg lglkang{Kk,maX}' (22)
It is noted that, to select the best relay, we can
adopt the OR scheme to select the relay in a
distributed way. More specifically, when S has
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data packets to send, it first sends a request to
send (RTS) frame after sensing the channel to
be idle. This frame is an extension of the reg-
ular RTS frame of the IEEE 802.11 standard,
which carries the length L of data packets. The
RTS frame from the source allows for the esti-
mation of instantaneous wireless channel i , at
each relay. When D receives the RTS, it gives
permission to send (CTS) frame, announcing
that the medium is reserved for the transmis-
sion. The CTS frame is also an extension of the
regular CTS frame and includes the instanta-
neous hg 4. The CTS frame from the destination
allows for the estimation of instantaneous 4, 4
ateach relay. At the same time, according to the
estimate of Ay, hs 4 and h, 4, each relay k can
decide on the appropriate data transmission R; ,
and R,, 4. After that, each relay k applies the
optimization problem (21) to derive the value
of Ky max. Since the best relay Rk* should be
selected, we can employ backoff scheme of the
IEEE 802.11 standard to select the best relay.
That is to say, the backoff time of each relay &
is inversely proportional to its Ky max value and
the relay that first expires its backoff timer will
be regarded as the best relay So, the best re-
lay will first broadcast the ready to help (RTH)
frame, and the other relay that hears the RTH
frame will give up the cooperation.

4. Computational Effort and Complexity

According to the optimization problem (21), we
give the following algorithm in Table 1 to max-
imize the K at one candidate relay node. Here,
without loss of generality, we assume that the
Variance o2 of noise is equal to 1, the variance

Gs o 0' ~and G 4 of channel coefficients is also

equal to 1, and let P; = P, = P. In addition,
we also assume that the carrier frequency is
2.4GHz, which is adopted by IEEE 802.11b/g.
So, the Doppler frequency fp is determined by
the speed v of the relay node. For example,
if let v = 45km/h and v = 90km/h, we have
fp = 100Hz and fp = 200Hz.

In Table 1 it is shown that the time complexity of
the algorithm is O(K;,Ng), where Ky, is the up-
per bound of K and N,, is the loop times for com-
puting zero-order Bessel function of the first
kind. Here, we can set K;;, = 50 and Ng = 15
to compute the Ky,x. Therefore, the computa-
tional effort is not large and complex. In ad-
dition, compared with other OR schemes, the
complexity of the proposed scheme is mainly
embodied in the computational effort to imple-
ment the algorithm. However, this complexity
will be counteracted by the advantage of sup-
porting the successive packets transmission.

Algorithm: maximize the K

9: if (D4 > P,;,) then
10: Knax = K — 1;

11: break;
12: end

13: K=K-+1;
14: end

Input: L, R, R4, v, P and Py,
Output: the maximum value of K

1: M =4;,K=1;
2: bpsg = sin®*(n/M);
3: B=3(M —1)/8M + sin(2n /M) /4r — sin(4n /M) /32M,
4: While (K < K;;,) do
5: D, = BesselJ(0,2nfp(K — 1)(L/Rs, + L/Rya));
6: D, = Dy;
7: D3 = BesselJ(0,2nfp(KL/R;, + (K — 1)L/R,4));
8:
Dy = B/ (B SNRD3)(1/D3 + 1/D)exp

—(1-D})/Di+ (1-D3)/D3 + (1

— D3)/D3;

Table 1. The algorithm to maximize the K.
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5. Numerical Resulis

In this section, we perform computer simula-
tions to illustrate the above theory analysis.

Note here that our main aim is to validate
whether the proposed relay scheme can support
the operation of successive packets transmis-
sion. So, we need to observe whether we can
obtain the maximum value of K (larger than 1)
and how the maximum value of K is affected
by some networks parameters. In the following
simulations, we give results about the effect of
the data transmission rate (here, the values of
Ry, and R, 4 are taken from the set [1,2, 5.5, 6,
9,11, 12, 18, 24, 36, 48, 54] which are adopted
by IEEE 802.11g), packet length L, the com-
mon SNR P/c? (denoted as SNR¢omm ) Without
fading, the relative speed v of relay node, and
the threshold P;;, of SER on the maximum value
of K.

(a) L = 1000 bits

[ N N =)

(c) L = 6000 bits

o =4 N W K O O

In all simulations, it can be shown that the max-
imum value of K will monotonously increase
with the increase of data transmission rate (R;
and Rnd)- For examples, when R, , = 54 Mbps
and R, 4 = 54 Mbps, the maximum value of
K can reach 37 with L = 1000 bits, 25 with
fp = 150 Hz and 10 with SNRcomm) = 25 dB.
This is so because a larger data transmission rate
can reduce the delay between the relay selec-
tion and the actual data transmission, so that the
difference between the actual SNR and the out-
dated version will become small and the corre-
lation coefficient p; ; will become larger. There-
fore, we should select the relay with higher R; ,
and R, ; among relay candidates as the best relay
to support the successive packets transmission.

In addition, Figure 3 shows that the maximum
value of K can be greatly affected by the packet
length. We can see that the maximum value of
K will be reduced with the increase of the packet

12
10

omn s O

(b) L = 3000 bits

(d) L = 9000 bits

Figure 3. The maximum value of K as a function of the data transmission rate and packet length L with
SNReomm) = 20dB, fp = 100 Hz and Py, = 0.001, where X, Y and Z axes denote the maximum value of R; ,, R, 4 and
K, respectively.
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length. For instance, when L = 9000 bits, the
maximum value of K is only 4. Investigating
the reason, the longer L will increase the delay
between the relay selection and the actual data
transmission and result in a smaller correlation
coefficient.

In Figure 4, it is shown that the maximum value
of K can be affected by the Doppler frequency
fp and reduced with the increase of fp. This
is because a larger value of fp can reduce the
correlation coefficient and lead to a larger SER.
Figure 5 shows the effect of the SNR P/c? on
the maximum value of K. Unlike in the previ-
ous simulations, we can see that the maximum
value of K is scarcely affected under a differ-
ent SNR. This is because a higher SNR will
require a smaller threshold P,, of SER, which
can reduce the maximum value of K and coun-
terweight the beneficial effect of a higher SNR
on the maximum value of K.

(a)fp = 150 Hz

(c)fp =250 Hz

Through the above simulations, we can see that
the maximum value of K can be greatly influ-
enced by certain network parameters, i.e., data
transmission rate, packet length, Doppler fre-
quency and the threshold P, of SER. Therefore,
when there are multiple relay candidates, the
k-th relay can derive its own maximum value of
K according to the optimization problem (21),
and then the best relay szm can be selected

through the OR scheme.

6. Conclusions and Future Work

In this paper, we propose a best relay selection
scheme for supporting successive packets trans-
mission. First, we predict the actual instanta-
neous SNR through the outdated version. Then

Sy

ONAORONEDED

(b)fp =200Hz

(d)fp=300Hz

Figure 4. The maximum value of K as a function of the data transmission rate and Doppler frequency fp with
SNRc¢omm) = 20dB, L = 1000 bits and Py, = 0.001, where X, Y and Z axes denote the maximum value of R, , R4
and K, respectively.
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(a) SNR¢omm = 25dB and P;; = 0.0001

C=uNWAODNDOO

(b) SNR¢omm = 30dB and P;, = 0.00001

Figure 5. The maximum value of K as a function of the data transmission rate and SNR with fp = 100 Hz,
L = 4000 bits, where X, Y and Z axes denote the maximum value of R; , R, 4 and K respectively.

we derive the SER expression and the optimiza-
tion problem to obtain the maximum number
of successive packets transmissions. In addi-
tion, we also give an OR scheme to select the
best relay. Simulation results illustrate that, in
an cooperative network, the operation of suc-
cessive packets transmission can be supported
and the maximum number of successive packets
transmissions is affected by selecting different
network parameters, i.e., data transmission rate,
packet length and Doppler frequency at one re-
lay node under the constraint of SER perfor-
mance, perhaps coming from the requirement
of application layer.

As our future work, we will analyze effect of the
proposed relay selection scheme on the system
performance, i.e., throughput, delay and packet
error rate.
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