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Millimeter-wave (mm-Wave) communications is a promising technology for the next wireless generations and applications such
as IoTnetworks because of its massive bandwidth which increases the system capacity. However, mm-wave is susceptible to huge
path loss and obstacle blocking, and this is largely narrowing the coverage of the mm-wave signals. �erefore, several techniques
are used to enhance mm-wave performance such as multiple-input multiple-output (MIMO) and cooperative solutions such as
relays. For instance, traditional relaying techniques (without bu�ers) are utilized tomitigate mm-wave path loss and blocking, as it
provides an alternative path that could have lower path loss and it could help in avoiding obstacles. Nonetheless, traditional
relaying techniques are outperformed by bu�er-aided relaying techniques which achieve higher throughput and lower outage in
the microwave frequencies. In this paper, we propose utilizing bu�er-aided relays with a �nite bu�er-size instead of conventional
relays in mm-wave networks motivated by the positive impact of the bu�er-aided relay in lower frequency bands (microwave
band). In the simulations, all sources, relays, blockages, and users are distributed in the network as a Poisson point process with
various densities. Simulation experiments show that the proposed relay-assisted mm-wave network with bu�ering capabilities
outperforms the conventional relay in both throughput and coverage and achieves about 3 dB gain. �is superiority of the
proposed solution holds in di�erent scenarios such as increasing the ratio of the blockages or decreasing the ratio of relays. In
particular, employing bu�er-aided relays has almost the same e�ect of doubling the number of conventional relays, which is cost
and spatial e�ective. Furthermore, in the majority of bu�er-aided relays studies, the impractical in�nite bu�er-size is considered;
however, the proposed solution utilizes a practical �nite bu�er-size with prioritizing transmission, and the results show that the
practical solution can outperform the in�nite bu�er-size solution in the mm-wave networks.

1. Introduction

Recent advancement in wireless communications has en-
couraged the rapid growth of the Internet of �ings (IoT)
with its ultracomputing capabilities to interconnect a
massive number of di�erent objects to the Internet. IoT is the
development of the Internet services so as to integrate each
and every object which exists or is going to exist in the
future, such as radio frequency identi�cations, sensors, and
actuators. �ese applications require to massively connect
new devices and to exchange tremendous amount of data.
For instance, the capacity demand in the next decade is
expected to witness a 1000-fold increase. �is hugely in-
creasing demand for data tra�c and massive connectivity
could be realized by new signal processing techniques,

densifying the network, or exploiting additional frequency
bands [1, 2]. Millimeter-wave (mm-wave) exploits new
bands (30 to 300GHz), where the huge unused bandwidth in
these bands allows the wireless systems to support the
enormous increase in capacity demand since capacity of
wireless systems increases when the exploited bandwidth
increases, which makes mm-wave an attractive candidate for
realizing the current as well as the future IoTcompared with
the currently crowded microwave band (0.3 to 3GHz) [3].

Mm-wave communication has gathered considerable
attention from researchers for its capabilities to support the
exponentially increasing demand for massive bandwidths.
To this end, 3GPP has considered the feasibility of mm-wave
frequencies for wireless communication [4, 5]. However,
because of the �imsy di�racted mm-wave signal and the
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severe penetration loss of mm-wave, communication at
mm-wave is extremely weak against blockages. For instance,
measurements of mm-wave propagation at 28GHz through
brick pillars have a penetration loss of 28.3 dB, which is
about 20 dB worse than microwave frequency signals. Even
in indoor environments, human bodies are mm-wave
blockages [6, 7]. In other words, mm-wave blockages are
everywhere, and to avoid the massive penetration loss, the
transmissions in mm-wave networks are extensively limited
to line-of-sight (LOS) paths, which reduces coverage tre-
mendously [8].

)e severe attenuations make mm-wave quite chal-
lenging when applied to the IoT [9]. Several solutions are
proposed in the literature, such as designing a special an-
tenna to make mm-wave suitable for IoT [10]. Another type
of solution is based on combining mm-wave with promising
technologies such as massive multiple-input multiple-out-
put (MIMO) which can produce high-precoding gains to
compensate for the attenuations of mm-wave [11]. However,
the complexity of MIMO can be avoided with relaying
solutions [12].

A valid solution to extend coverage in mm-wave net-
works is employing an intermediate relay node to help the
transmission from a source to a destination that has a poor
direct link to the source. )e improvement that using relays
provides is due to the relay’s ability to provide another path
from the source to the destinations around obstacles.
Generally, a relay node can either be a dedicated relay or can
be performed in the form of user cooperation where a
middle idle user acts as a relay. Relay nodes have been used
in modern communications and form a part of LTE release
10 because of their ability to enhance the system coverage
and capacity in networks of microwave frequencies [13, 14].
)erefore, several studies suggest employing relays in 5G
mm-wave networks to mitigate the coverage dilemma.

As stated in [15], applying the results of microwave band
frequencies to mm-wave is nontrivial due to their differences
in propagation properties and the signal high directivity.
Accordingly, several studies have been undertaken to
evaluate the benefits of using a relay in mm-wave com-
munications [16]. In [17], the authors study cooperative
communications for frequencies above 10GHz and examine
the coverage probability using relay transmission. )e re-
sults show that using relays improves the coverage proba-
bility. In [18], multihop relaying is proposed to improve the
coverage probability of mm-wave networks. Nonetheless,
the large number of hops increases signaling overhead,
delay, and interference.

In [19], the authors use stochastic geometry to study the
improvements in coverage probability for a relay-assisted
mm-wave network. )e results validate the benefits of
selecting the best relay, the relay with the highest end-to-end
signal-to-noise ratio (SNR), on coverage probability in mm-
wave networks. Furthermore, buffer-aided relays have en-
hancements in coverage probability and throughput com-
pared with conventional relays. )is is due to the flexibility
that buffers provide, so transmitting and receiving do not
have to be successive. Inspired by the benefits of buffer-aided
relays on microwave frequency, the authors in [20] have

employed full-duplex relays which are equipped with infinite
size buffer. )e authors focused on the trade-off between
system throughput and delay, and in addition, the authors
attempted to ease the difficulties of stability in infinite buffer-
size (unlimited queue). However, as shown in [21], using an
infinite size buffer is impractical due to its ability to lengthen
the delay to an unacceptable limit.

To the best of the authors’ knowledge, none of the
available studies has considered a buffer-aided relay with a
finite buffer-size in mm-wave networks. Motivated by this
and by the fact that considering the buffer state in the relay
selection has benefits on reducing outage probability in
microwave frequencies (see [22–26]), this paper considers a
finite buffer-size for the buffer-aided relay in mm-wave
networks. In summary, the main novelty of this paper is to
utilize relays with finite buffer-size in relay-assisted mm-
wave networks to make it sufficient for IoT. Furthermore,
the relay selection rule is not only based on the link state (this
is the case with the available relay-assisted mm-wave
studies), but the buffer state is also considered in the se-
lection to avoid full and empty buffers. As a result, using a
buffer-aided relay with a finite buffer-size improves the
throughput and the coverage of the mm-wave. )is adds to
the value of utilizing mm-wave in realizing IoT and makes
mm-wave more capable to meet the IoT requirements for
higher data-rate and massive connectivity.

)emain contributions in this paper are listed as follows:
(1) we study the performance enhancements of the buffer-
aided relay in relay-assisted mm-wave networks rather than
using traditional relays. (2) )e throughputs and the cov-
erage of the proposed system are tested in different blockage
and relay density scenarios and compared with other
available solutions. (3) )e simulation experiments via PPP
validate the superiority of the proposed system compared
with the available solutions. (4) We study the impact of
utilizing a practical buffer size instead of an infinite buffer.

)e organization of this article is as follows: Section 2
includes the systemmodel for the buffer-aided relay solution
in mm-wave networks. Performance analysis is presented in
Section 3. Numerical simulation experiments of the pro-
posed system in addition to comparison with other available
systems are thoroughly discussed in Section 4. Finally,
Section 5 concludes the paper.

2. System Model

Stochastic geometry evolves a tractable model to evaluate the
performance of wireless networks. )e Poisson point pro-
cess (PPP) is the most popular point process to model the
locations of sources and users in wireless networks which
can be utilized to determine the outage probability [27].
)erefore, we consider a stochastic geometry approach
(PPP) to characterize the locations of the relays, the ob-
stacles, and sources which all are assumed to be independent
of each other. )e number of relays in the network is not
fixed to make our proposed study more realistic and suitable
for practical outdoor environments which have a dynami-
cally varying network topology. )e system model of the
proposed relay-assisted mm-wave with buffering capabilities
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is shown in Figure 1. Figure 1 shows two users: one user has a
direct link with the source (e.g., base station), and the other
user does not have a direct link with the source because the
obstacle blocks this link. Hence, a buffer-aided relay pro-
vides an alternative link between the source and the blocked
user.

2.1. Relay Networks. )e relays in the proposed system are
half-duplex (HF) decode-and-forward (DF) and denoted as
R, and sources and users are denoted as S and U, respec-
tively. Each relay R is equipped with one L-size buffer for
data storing. )e channel coefficients for the S − R, S − U,
and R − U links are denoted as hsr, hsu, and hru, respectively.
All channels have a flat Rayleigh fading coefficient that
remains constant within each time slot and changes inde-
pendently from one time-slot to another. Without losing
generality, we assume the transmit power Pt at all trans-
mitting nodes and the assumption for the noise variances at
all receiving nodes to be σ2. )e data rate is assumed to be
fixed at a value of ϵ. If the link capacity is greater than or
equal to ϵ, the link is up, and the transmission is successful.
)e channel state information at the receivers is assumed to
be available. At a time-slot t, the corresponding link ca-
pacities for channels hsr, hsu, and hru are given by

Csr(t) � log2 1 + csr(t),(

Csu(t)) � log2 1 + csu(t)( ,

Cru(t) � log2 1 + cru(t)( , (1)

where csr(t) � (Pt/σ2)|hsr(t)|2, csu(t) � (Pt/σ2)|hsu(t)|2

and cru(t) � ((Pt/σ2)|hru(t)|2). )e channel gains |hsr(t)|2,
|hsu(t)|2, and |hsu(t)|2 are exponentially distributed with the
average θsr � E[|hsr(t)|2], θsu � E[|hsu(t)|2], and
θru � E[|hru(t)|2], where E[.] is the expectation. csr(t),
csu(t) and cru(t) are also exponentially distributed with
average csr � (Pt/σ2)θsr, csu � (Pt/σ2)θsu and
cru � (Pt/σ2)θru

. )us, csr(t), csu(t), and cru(t) are the
instantaneous SNR, while csr, csu, and cru are the average

SNR for channels hsr(t), hsu(t), and hru(t), respectively. An
outage occurs if the link capacity is less than the target data
rate, and the outage can be calculated utilizing the fact that
csr(t), csu(t), and cru(t) are exponentially distributed with
CDFs as follows:

P log2 1 + csr(t)( < ε  � 1 − e
− 2ε− 1/csr( ),

P log2 1 + csu(t)( < ε  � 1 − e
− 2ε− 1/csu( ),

P log2 1 + cru(t)( < ε  � 1 − e
− 2ε− 1/cru( ).

(2)

2.2. Relay-Assisted mm-Wave. )e locations of sources,
blockages, and users are all modeled as Poisson point
processes with densities λs, λr, and λu, respectively.)e users
are assumed to be allied to the nearest sources. An LOS link
is the no blockage link between S and U. While a non-line-
of-sight (NLOS) link is the link with a blockage between S

and U. In general, the probability of LOS increases with
shorter distances, while the probability of NLOS increases
with longer distances. Relays can be employed in the mm-
Wave network to enhance the overall performance. U that
experiences NLOS link can be linked to the nearby R for a
lower path loss. Relays are also distributed as PPP with a
density λr. By using relays, the average distance between U

and nearest R is shorter than the average distance between U

and nearest S. )erefore, more LOS links are anticipated
with the help of R. Hence, the average path loss between U

and R is expected to be lower than the average path loss
between U and S. We follow the similar calculations in
[28–31].

2.3. Joining Rule. U is linked to the nearest S or R. )e
probability density function (PDF) of the distance d between
U and its nearest S or R can be calculated as [28]

fd i⟶u(d) � 2πλide
− λiπd2

, i ∈ s, r{ }, (3)

where fd s⟶u(d) and fd r⟶u(d) represent the PDF of the
S − U link and R − U link, respectively. When U experiences
NLOS link to its nearest BS, it switches to the nearest R to
establish a two-hop connection to the nearest S.

2.4.BlockageModel. After getting the distance d between the
U and S or R from (3), the probability that the link has LOS is
given as [29]

P(LOS|d) � e
− 2 dλb(E[H]+E[W])/π( ), (4)

E[H] and E[W] are the average height and width of
blockages, respectively. )ese two parameters describe the
size of blockages. Hence, NLOS probability is simply
P(NLOS|d) � 1 − P(LOS|d).

2.5. Path Loss Model. )e path loss in dB for an LOS link of
distance d is modeled as [30]:

Relay

User

User

Obstacle 

Buffer

Link via relay

Blocked link

Direct link

Figure 1: Relay-assisted mm-wave network with buffering capa-
bilities in the system model.
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PLLOS(d)dB � 20 log10
4π
λ

+ 10αLlog10 d + χσL
, (5)

αL is the path loss exponent of an LOS link, and χσL is the
LOS case shadowing, which is a normal distribution in dB
(lognormal distribution in linear scale) with zero mean
(dB) and standard deviation σL (dB). For an LOS link, σL is
usually small and has a small effect on path loss. )e path
loss in dB for an NLOS link with distance d is similar to the
path loss for an LOS link with a different path loss ex-
ponent and shadowing standard deviation. It can be
written as [30]

PLNLOS(d)dB � 20 log10
4π
λ

+ 10αNlog10 d + χσN
. (6)

where αN is the path loss exponent for an NLOS link, and σN

is the standard deviation of shadowing for an NLOS link. σN

is usually huge and has a massive effect on the path loss. In
mm-wave networks, interference is relatively small com-
pared with noise and the system works in a noise-limited
mode [30]. )erefore, interference is ignored, and SNR in
the LOS case is (see [31])

SNRLOS,i⟶u �
PtGiGuhiuPL

−1
LOS

N
, i ∈ s, r{ }, (7)

where Gs, Gr, and Gu denote the antenna gain for S, R, and U

antennas, respectively, PL−1
LOS is the inverse of LOS path loss

in (5), but in the linear scale, N � BW × σ2 is the noise
power and BW is the bandwidth. Similarly, the SNR for
NLOS case is (see [31])

SNRNLOS,i⟶u �
PtGiGuhiuPL

−1
NLOS

N
, i ∈ s, r{ }, (8)

where PL−1
NLOS is the inverse of NLOS path loss in (6) but in

the linear scale.

3. Performance Analysis

)e capability of the buffer-aided relays reduces the outage
probability, and hence, the system throughput is improved.
)is makes the buffer-aided relay an attractive solution to
exploit the wide BW of the mm-wave efficiently. )is
section validates analytically the superiority of the buffer-
aided relay compared with the conventional relay. We start
with analyzing the buffer-aided relay. In each buffer-aided
relay, the number of the stored data packets serves as a
state. Assuming that there are M relays with L buffer size,
there are (L + 1)M states. Every state affects the numbers of
the available S − Rm and Rm − U links. Any S − Rm link is
available when the receiving buffer is not full, and any Rm −

U link is available when the transmitting buffer is not
empty. Noting that since S-U link is common in the buffer-
aided and the conventional relay systems, it can be ignored
safely during the comparison. )e l-th state vector is de-
fined as

s(l)
� s

(l)
1 , s

(l)
2 , . . . , s

(l)
M , l � 1, . . . , (L + 1)

M
, (9)

where s(l)
m is the buffer length at Rm at state s(l).

By taking all states in account, the outage probability is the
probability that the system remains at the same state, which
means that no communication happened (transmitting or
receiving) during the current time slot. )us, the outage
probability of the buffer-aided system can be obtained as

Pout � 

(L+1)M

i�1
P
s(i)

outπi, (10)

where πi is the stationary probability for the state s(i), andPs(i)

out
is the outage probability at the state s(i). Assuming that all
links are independent and identically distributed (i.i.d), the
outage occurs if all S − Rk and all Rk − U links are in outage:

Pout � 1 − e
− 2ϵ− 1/cSRm 

O
SRm

s(l) × 1 − e
− 2ϵ− 1/cRmU 

O
RmU

s(l) , (11)

where O
SRm

s(l) denotes the number of available S − Rm links at
state s(l), and O

RmU

s(l) is the number of available Rm − U links at
state s(l).

In buffer-aided relays, buffer states are modeled as a
discrete time Markov chain with transition matrix A rep-
resenting (L + 1)M × (L + 1)M state transition. Aij is the
notation for the i th row and j th column entry, which
expresses the transition probability to move from state s(j) at
time t to state s(i) at time t + 1:

Aij � P Xt+1 � s
(i)

|Xt � s
(j)

 . (12)

)e describedMarkov chain is irreducible and aperiodic.
)e Markov chain is irreducible if every state is reachable by
all other states, and if the probability of staying at any state is
higher than zero, the Markov chain is aperiodic, see [32, 33].
As presented in [22], in irreducible and aperiodic Markov
chain, the stationary state probability vector is obtained as

π � (A − I + B)
− 1b, (13)

where π � [π1, π2, . . . , π(L+1)], πi is the probability that state
is si, b � [1, . . . , 1]T, I is the notation of the identity matrix,
and B denotes an (L + 1) × (L + 1) ones matrix. Now, we
can calculate the outage probability of the buffer-aided relay
system when the Markov chain remains in the same state as
follows:

Pout � 

(L+1)M

i�1
πiAii, (14)

where Aii are the diagonal elements of A.
Unlike the case with the traditional relay where both S −

R andR − U links have to be up to success in transmission, in
the buffer-aided relay, any available S − R or R − U is enough
for successful communications. Hence, the diversity gain of
the buffer-aided relay system is twice that for the traditional
relay system (see [34]). )erefore, the outage probability is
reduced when buffer-aided relays are used instead of the
traditional relays:

1 − e
− 2ε− 1/csr( )e

− 2ε− 1/cru( )  ≥ 1 − e
− 2ε− 1/csr( ) + e

− 2ε− 1/cru( ) . (15)
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knowing that 0≤ e− 2ϵ− 1/c ≤ 1 (probability). For the delay-
limited transmission as in [35, 36], the average throughput ξ
is obtained as

ξ � ϵ 1 − Pout( , (16)

which clearly shows that the buffer-aided relay system
outperforms the traditional one in the system throughput
since it has lower outage probability.

4. Simulation Experiments Results

)is section presents the simulation experiment results in
order to validate the proposed relay-assisted mm-wave with
buffering capabilities. In addition, this section provides
performance comparisons between the proposed system and
the available related solutions in [30, 31]. All sources and
relays are assumed to operate at 28GHz. In the simulations,
to study the performance of the proposed system, we set the
values of the described parameters in the system model
similar to the values in [30, 31]. )e parameters are listed in
Table 1, and any altering of these values will be stated.

Figure 2 shows a throughput comparison between the
available solutions and the proposed solution. Specifically,
the mm-wave network with no-relay [30], the traditional
relay-assisted mm-wave [31], and the proposed relay-
assisted mm-wave with buffering capabilities are all com-
pared in Figure 2. )e superiority of the relay-assisted mm-
wave solutions over no-relay solution is obvious, and the
proposed system (with buffer) boosts the improvement in
the performance of the relay-assisted mm-wave. For in-
stance, the throughput that the traditional relay-assisted
achieves at the threshold SNR� 13 dB is about 0.3 packets
per time-slot, a similar throughput is achieved in the pro-
posed solution at a higher threshold SNR� 15 dB (knowing
that increasing the SNR threshold restricts the reception to
higher signal strength). )is means that the gain of the
proposed system is about 3 dB. It is worth mentioning that at

Table 1: Simulation parameter values.

Parameter Value
Transmitted power Pt 27 dBm
Source antenna gain Gs 3 dBi
Relay antenna gain Gr 30 dBi
User antenna gains Gu 5 dBi
LOS path-loss exponent αL 2.1
NLOS path-loss exponent αN 3.4
LOS standard deviation σL 3.6 dB
NLOS standard deviation σN 9.7 dB
Sources density λs 3.1831 × 10(− 5)

Blockages density λs 100 × λs

Bandwidth BW 1GHz
Relays density λr 10 × λs

Users density λu 200 × λs

Expected height E[H] and width E[W] 2m
Noise power N 3.89 × 10(− 9) w
Buffer-size L 5
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Figure 2: Outage probability comparison between the available
solutions and the proposed solution.
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Figure 3: )roughput comparison between the available solutions
and the proposed solution.
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very low SNR thresholds (less than 0 dB), the direct link (no-
relay case) achieves higher throughput than relay-assisted
cases because the relay transmission occurs in two hops
instead of one hop (half-duplex). )erefore, employing
relays is necessary for more realistic higher threshold sys-
tems. )is can be seen in Figure 3, where the no-relay mm-
wave transmission is completely blocked at the threshold
SNR� 10 dB, while in the relay-assisted cases, the trans-
mission is completely blocked at 24 dB (for the traditional)
and 27 dB (for the proposed).

In Figure 4, the impact of different densities of blockage
is thoroughly studied. In particular, different blockage
densities are simulated for the three solutions: no-relay,
conventional-relay, and the proposed buffer-aided relay. It is
obvious that as the density of blockages increases, the no-
relay case goes out of the comparison. For example, if
λb ≥ 50 × λs, a throughput of 0.3 packets per second is un-
reachable even for low SNR thresholds such as 2 dB. Al-
though utilizing traditional-relays has a massive
improvement on the system throughput at different
blockage densities, utilizing buffer-aided relays outperforms
the traditional-relays at all densities and thresholds. For
instance, a throughput of 0.1 packets per second at a higher
blockage density λb � 200 × λs cannot be achieved with
traditional relays for thresholds above 11 dB SNR, while this

throughput can be achieved with buffer-aided relays at 14 dB
SNR threshold. )ese thresholds of 11 dB and 14 dB can be
raised to 16 dB and 19 dB, respectively, when λb reduced to
50 × λs.

Figure 5 compares the three systems from another
perspective that is the relay density. Since the no-relay case
will not be affected by changing the relay density, it is
omitted from the comparison. It can be clearly seen that as
the relay density increases, the performance of the tradi-
tional and the proposed relay-assisted mm-wave solutions is
improved. For example, a throughput of 0.3 packets per
time-slot cannot be achieved at SNR threshold higher than
7 dB at a low relay density λr � 10 × λs, but the same
throughput (0.3 packets per time-slot) is achieved at 20 dB
SNR threshold if we raise the relay density λr � 100 × λs. It is
interesting to notice that buffer-aided relays perform very
close to the traditional-relays when we reduce the relay
density of the buffer-aided relays to the half while keeping
the same relay density in the traditional-relay case, so rather
than doubling the relay density in traditional relays to get
higher throughput, we can get the same benefits by using
buffer-aided relays instead of traditional relays.

Before ending this section, as shown in [20], prioritizing
transmission from R to U over receiving at R from S achieves
higher throughput in relays with infinite buffer-sizes.
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Figure 4: )e impact of different blockage densities on the
available solutions and the proposed solution.
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Figure 5: )e impact of different relay densities on the relay-
assisted mm-wave and the proposed solution.
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Although it is not practical to assume an infinite buffer-size
and it can cause unacceptable delay, we compare the system
in [20] with our proposed finite buffer solution. To make it a
fair comparison, we used HD relays instead of full-duplex
relays used in [20], and we used a huge buffer with L � 5000
attempting to simulate the infinite size buffer with assuming
λb � 50 × λs in both finite and infinite buffer buffer-sizes. It
is obvious in Figure 6, that our proposed practical solution
has a better performance than that of the infinite buffer-size
when the relay transmission is prioritized over receiving,
while the proposed solution has a very close performance to
the infinite buffer solution when relay receiving is
prioritized.

5. Conclusions

)is paper proposes using buffer-aided relays in mm-wave
networks with a finite buffer size. )is is motivated by the
capabilities of the buffer-aided relay to keep the packets until
it has a good channel for transmission, while the traditional
relay discards the packets that cannot be transmitted, which
causes retransmission overhead. )e proposed buffer-aided
relay solution helps in increasing the coverage probability of
the mm-wave networks, making it suitable for future IoT
networks. Furthermore, the proposed system achieves
higher throughput levels than the traditional-relay solution

at different blockage densities. In addition, halving the relay
density while achieving the same performance is possible if
we replace the traditional-relays with buffer-aided relays
which is cost-effective and easier for implementation.
Moreover, the proposed solution achieves 3 dB gain over the
traditional solution. Finally, the proposed system can out-
perform the unrealistic infinite buffer-size solution. How-
ever, the selection rule for transmitting and receiving has no
closed-form optimal solution to avoid the empty and full
buffer problem which raises the system throughput and
coverage. Machine learning is a promising technique for
reaching a better selection rule in the future.
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