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Abstract—The abundant available spectrum resources have
made millimeter wave (mmWave) communications the key fea-
ture of the fifth generation (5G) mobile communications, allowing
ultra-high transmission capacity. Additionally, mmWave bands,
already widely used in radar systems, show a great advantage in
environment sensing. Based on these observations, to satisfy the
ever-growing mobile service requirements, and meanwhile to im-
prove the maintenance efficiency for high-speed railways (HSRs),
in this paper, we present the joint sensing and communication
HSR mmWave wireless network, where two mmWave beams are
intelligently controlled to provide broadband communications
and environment sensing, respectively. Moreover, to mitigate
the inter-beam interference between communication beams and
sensing beams, we propose a deep reinforcement learning (DRL)
based beam management scheme, where the beamwidth and
inter-beam spacing are adaptively adjusted according to dynamic
wireless environments. Simulation results demonstrate that our
proposed scheme can better balance the communication capacity
and the sensing performance compared to conventional schemes
with fixed beamwidth and inter-beam spacing.

Index Terms—Joint sensing and communications; high-speed
railway; mmWave communications; beam management; deep
learning

I. INTRODUCTION

In recent years, to support the evolution of railway industry
towards the intelligent stage, high-speed railway (HSR) wire-
less networks are facing severe challenges in satisfying the
ever-growing mobile service requirements[1]. Learning from
the successful development experiences of the fifth genera-
tion (5G) mobile communications, broadband millimeter wave
(mmWave) communications are brought in HSR to enhance
the system capacity. From another point of view, owing to
the broadband bandwidth enabling high distance resolution
and the beam directionality enabling high angular resolution,
mmWave bands are also employed for environment sensing in
radar systems, which is also beneficial for HSR maintenance
[2]. Being aware of the dual functions of mmWave bands on
sensing and communications, the joint sensing and commu-
nications has been approved as one of the most important
development directions in the future [3].

In mmWave communications, to overcome the severe prop-
agation loss, directional beamforming plays an essential role

in concentrating mmWave signal energy to prolong the propa-
gation distance, which however poses a great threat to network
coverage robustness. In our previous works [4], [5], to address
this issue, we leveraged conventional frequency bands below
6GHz (abbreviated as sub-6GHz) to provide omnidirectional
coverage and mmWave bands to augment capacity, forming the
sub-6GHz and mmWave dual-band cooperation HSR wireless
network architecture. In this paper, building on the sub-
6GHz and mmWave integration, we further introduce the
joint sensing and communication HSR mmWave wireless
network, where two intelligently-controlled mmWave beams
simultaneously provide broadband communications and envi-
ronment sensing, and sub-6GHz bands carry related signaling
to guarantee the transmission reliability. Different from our
previous design in [6] where sensing and communications
are implemented in a time division manner, in this study,
during the movements of trains, mmWave sensing beams
constantly detect the areas to be passed by trains, and collect
the track inspection data for post processing, improving the
HSR maintenance. Nevertheless, under this design, when there
is no train, mmW-RRUs can also sweep sensing beams for
obstacle detections and danger warning.

In the joint sensing and communication HSR mmWave
wireless network, to pursue the integration gain between the
two functions, sensing and communication beams are designed
to share the same mmWave bandwidth and antenna arrays. Due
to the sidelobe energy leakages, the inter-beam interferences
will degrade the sensing and communication performance
[7]. Intuitively, the beamwidth and inter-beam spacing of the
sensing and communication beams, which directly determines
the beam gain and the interference power, are two impor-
tant parameters in balancing the sensing and communication
performance. Consequently, we propose a deep reinforcement
learning (DRL) based beam management scheme, where the
beamwidth and inter-beam spacings are adaptively adjusted
according to dynamic wireless environments, mitigating the
inter-beam interferences. Finally, we present simulation results
to demonstrate the effectiveness of our proposed scheme.

The rest of this paper is organized as follows. In section II,
the joint sensing and communication HSR mmWave wireless
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network is illustrated. In section III, we introduce the DRL-
based intelligent beam management scheme. In section IV,
simulations and analysis are presented to demonstrate the
effectiveness of the proposed scheme. Finally, in section V,
we conclude this paper and prospect future study.

II. NETWORK ARCHITECTURE

A. The joint sensing and communication HSR mmWave wire-
less network

Leveraging directional beamforming to overcome the severe
propagation loss, mmWave communications have the native
problem of low robust network coverage. In our previous
works [4], [5], we designed the sub-6GHz and mmWave dual-
band integrated HSR wireless network architecture, where
sub-6GHz bands with omnidirectional coverage are employed
to provide basic network coverage. As shown in Fig. 1,
building on the integration of sub-6GHz and mmWave bands,
the joint sensing and communication HSR mmWave wireless
network architecture is presented. To facilitate the network
management, we deploy the whole network based on the cloud
radio access network (C-RAN) technology, where baseband
processing resources gathered in the BBU pool are centrally
controlled on demand, and the two types of remote radio
units (RRUs), i.e., the low frequency RRUs (LF-RRUs) and
the mmWave RRUs (mmW-RRUs), operate at sub-6GHz and
mmWave bands, respectively. To guarantee the transmission
reliability, joint sensing and communication related signaling,
including beam management information, can be carried by
LF-RRUs. To simultaneously implement sensing and commu-
nications during the movement of trains, mmW-RRUs point
two mmWave beams at trains for communications and at
the target areas for sensing, respectively. To reduce hardware
costs, the sensing and communication beams share the same
antenna array in our design, but are mutually orthogonal in the
spatial domain [8]. To discover track faults during the traveling
of trains, the target sensing areas in our study are defined as
the areas in front of trains that they will pass through soon.
On trains, we apply a two-hop access structure, consisting of
an access point (AP) inside trains to collect service data and
an mobile relay (MR) outside trains to forward service data to
the ground. The MR is equipped with sub-6GHz and mmWave
antennas to access the dual bands. Our study focuses on the
communication link between roadside RRUs and MRs.

To enhance the utilization of scarce frequency resources,
in our design, the sensing and communication beams share
the same mmWave bandwidth, which however leads to the
inter-beam interference problem challenging the joint sensing
and communication performance. To mitigate inter-beam in-
terference, the two beams should maintain a suitable spacing,
namely inter-beam spacing denoted as ∆ϕ in Fig. 1. The larger
the inter-beam spacing, the lower the inter-beam interference.
Nevertheless, to obtain the track inspection data with trains
passing through, the sensing areas should be as close to trains
as possible, and therefore the inter-beam space is practically
limited. Additionally, beamwidth is another important param-
eter influencing the inter-beam interference power. For sim-
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Fig. 1. The joint sensing and communications HSR mmWave wireless
network.

plicity, we employ uniform linear arrays (ULAs) to generate
sensing and communication beams, where the beamwidth is
inversely proportional to the number of allocated antennas.
To facilitate the analysis, in Fig. 1, the projection of mmW-
RRUs on rails denotes the original point of the d-axis which
depicts the traveling distance of trains. The target maximum
sensing distance, the coverage radius, and the mmW-RRU to
rail distance are denoted as Smax, R, and dmin, respectively.
Besides, the initial access and beam tracking of mmWave
communications in HSR, which have been sufficiently studied
[9], [10], are assumed perfectly solved, leaving the study focus
of this paper on the intelligent decisions of the beamwidth and
inter-beam spacing for joint sensing and communications.

B. The interference scenarios of joint sensing and communi-
cations

As sensing and communications are mutually orthogonal
in the spatial domain, they use different waveforms in our
design. Moreover, since we only care about the inter-beam
interference power between sensing and communications in-
stead of signal-level processing, the proposed scheme can
be generalized to arbitrary radar systems. Without loss of
generality, we assume the mmWave communications work in
the time division duplexing (TDD) mode. To facilitate the
understanding, in Fig. 2 we classify the interference scenarios
based on the communication uplink and downlink direction-
s. In the uplink interference scenario, the two mmW-RRU
beams receive the uplink signals from trians and the sensing
echo signals reflected from targets, respectively. With respect
to the communication uplink receiving at mmW-RRUs, the
simultaneously-radiated sensing signals from sensing beams
cause self-interference. Considering that the self-interference
cancellation (SIC) technology has achieved remarkable per-
formance in reducing the self-interference[11], we assume
the self-interference is perfectly cancelled to simplify the
analysis. While for the receiving of sensing echo signals at
mmW-RRUs, the uplink signals from trains cause interference,
namely inter-beam interference. In the downlink interference
scenario, the sensing signals radiated from mmW-RRUs in-
terfere the receiving of communication downlink signals at
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trains, which is also the inter-beam interference. Simultaneous-
ly, the transmitted communication downlink signals interfere
the receiving of sensing echo signals at mmW-RRUs, which
however is the self-interference and can be cancelled through
the SIC technology by mmW-RRUs. Since the communication
receiving beams of trains point towards the direction of mmW-
RRUs, we ignore the interference of sensing echo signals
whose strength are already highly-faded, and only consider
the inter-beam interference resulted from the radiated sensing
signals of mmW-RRUs.

 
!"
#$"

%
&#$%

"
'
(#

)
*+

+
,
"
$-
'.
$*
"
&

,
/
($
"
0
&#
$%
"
'(

$".!12!1!"-!

 
!"
#$"

%
&#$%

"
'
(

)
*+

+
,
"
$-
'.
$*
"
&

3
*4
"
($
"
0
&#
$%
"
'(

$".!12!1!"-!

5/($"0&$".!12!1!"-!&#-!"'1$*

6*4"($"0&$".!12!1!"-!&#-!"'1$*

 !(27$".!12!1!"-!&

21*+&#!"#$"%&8!'+

9".!178!'+&$".!12!1!"-!&

21*+&-*++,"$-'.$*"&8!'+

 !(27$".!12!1!"-!&21*+&

-*++,"$-'.$*"&8!'+

9".!178!'+&$".!12!1!"-!&

21*+&#!"#$"%&8!'+

Fig. 2. The interference scenarios of joint sensing and communications.

III. THE DRL BASED BEAM MANAGEMENT SCHEME

In the joint sensing and communication HSR mmWave
wireless network, two mmWave beams are simultaneously ra-
diated for sensing and communications, respectively, involving
the inter-beam interference issue. The inter-beam spacing and
the beamwidth are two key parameters determining the level
of inter-beam interference. Therefore, to guarantee the joint
sensing and communication performance, in this section, we
propose a DRL based beam management scheme as shown
in Fig.3. Although in the current study we focus on the
beam management under a single mmW-RRU, it is necessary
to coordinate adjacent mmW-RRUs to facilitate the mobility
management for communications and networked detections
for sensing, which will be discussed in our future study.
Consequently, by leveraging the central control capability
of C-RAN, we implement the proposed algorithm in the
BBU pool to realize the cooperation between mmW-RRUs. In
the situations with normal mmWave communications, mmW-
RRUs periodically report the sensing and communication
states to the BBU pool through high-speed wired back-haul. If
mmWave communication beams are interrupted due to beam
management failures, the BBU pool can still control beams
of trains through exchanging information on sub-6GHz bands
via LF-RRUs. Based on the obtained states of sensing and
communications, the BBU pool executes the proposed DRL-
based beam management algorithm to decide the beamwidth
and inter-beam spacing for the mmWave sensing and commu-
nication beams.

Fig. 3. The DQN-based beam management scheme for joint sensing and
communications.

Signal to interference plus noise ratio (SINR) is the key
metrics to evaluate both the sensing and communication
performance. Next, we present the mathematical models of
sensing SINR and communication SINR, and formulate our
optimization problem. At receivers, the received signal power
in decibel of mmWave communication beams is

Pr,c(dc) = Pt,c+G (BWc,∆θr,c)+G (BWc,∆θt,c)−PL (dc)
(1)

where Pt,c is the transmit power of mmWave communication
beams. dc denotes the communication distance, which can
be derived as dc =

√
d2 + dmin

2 based on the geometric
relationship in Fig. 1. G (BWc,∆θr,c) and G (BWc,∆θt,c)
are the transmit and receiving beam gain, respectively, with
[12]

G (BW,∆θ) = 10 log10

( π

BW
e−η( ∆θ

BW )
2)

(2)

where the beamwidth BW is usually approximated as BW =
2λ
n∆d with λ, n, and ∆d denoting the mmWave wavelength,
the number of antennas, and the antenna spacing, respective-
ly [13]. η is a constant parameter with value of 4 log10 2.
∆θ is the angle offset between the beam main lobe and
the target pointing direction. To simplify the analysis, we
assume the beam offsets due to beam misalignments fol-
low the normal distribution, i.e., ∆θ∼N

(
0, σ2

θ

)
, with zero

mean and variance of σθc . In Eq. (1), the major propagation
loss, i.e., the free spacing path loss, is usually modeled as
PL (dc) = 10 log10

(
(4πdc)

2

λ2

)
= 32.4 + 20 log10 fc (GHz) +

20 log10 dc (m), where fc is the frequency center.
For simplicity, we assume the same configuration for the

transmit and receiving antenna arrays radar systems, implying
the same transmit gain and receiving gain. Then, the radar
detection range equation has an expression of [14]

Pr,s (ds) = Pt,s + 2G (BWs,∆θs) + 10 log10 (σRCS)

−10 log10

(
(4π)3

λ2

)
− 40 log10 (ds)

(3)
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where ds, Pt,s, and σRCS are the sensing distance, transmit
power of sensing beams, and the radar cross section (RCS)
of targets, respectively. Similarly, the beam offsets of sensing
with respect to targets are assumed to follow the normal
distribution of ∆θs∼N

(
0, σθs

2
)
. Based on the geometric

relationships in Fig. 1, the required maximum sensing distance
Smax is

Smax =
dmin

|cos (Φ +∆ϕ(d))|
(4)

where Φ = arctan
(

d
dmin

)
.

According to the inter-beam interference analysis in Section
II.B, in the uplink interference scenario, the sensing receiving
beams at mmW-RRUs are interfered by the communication
uplink beams from trains, of which the inter-beam interference
power can be modeled as

IU = Pt,train +G (BWc,∆θt,c) +G (BWs,∆ϕ)−PL (dc) .
(5)

Then, at the maximum sensing distance Smax, the received
minimum SINR of sensing can be expressed as

SINRmin,s = Pr,s (Smax)−10 log10 (kTB)−NF−IU (6)

where k, T , B, and NF are the Boltzmann’s constant, the
system temperature, the bandwidth, and the receiver noise
figure, respectively. Suppose the required SINR of radar sys-
tems is SINRs,th which is determined by the false alarm and
detection probability as shown in [14], then the sensing SINR
should satisfy SINRmin,s > SINRs,th. Moreover, when the
integration technology is used in receiving radar echo signals,
the required SINR can be relaxed by I(m) times, where I(m)
is the integration improvement factor and m is the integration
number [14].

From the inter-beam interference analysis, the larger the
inter-beam spacing, the lower the inter-beam interference.
Nevertheless, to provide efficient track inspections with trains
passing through, the sensing target areas should be as close to
trains as possible. The sensing spacing distance between trains
and the target detection areas can be calculated as

∆Ds(d) = |dmintan (Φ +∆ϕ(d))− d| (7)

In the downlink interference scenario, for the communi-
cation receiving beams at trains, the inter-beam interference
caused by the radiated sensing signals has the power of

ID = Pt,s +G (BWs,∆θs) +G (BWc,∆ϕ)− PL(dc). (8)

Then, the achieved communication SINR and spectrum
efficiency can be respectively calculated as

SINRc(dc) = Pr,c(dc)− ID(dc)−N0 (9)

and
Rc = log2(1 + SINRc) (10)

where N0 is the noise power.
Based on the above derivations, we can find the received

SINR of sensing and communication beams are highly-related
with the inter-beam spacing and the beamwidth, which are

therefore taken as two key control parameters to tune beams.
As aforementioned, in our design, sensing and communication
beams share the same antenna array. Suppose the total number
of available antennas is nt, sensing and communication beams
use ns and nc antennas, respectively. Consequently, BWs =
2λ

ns∆d and BWc =
2λ

nc∆d . In this paper, our optimization goal is
to maximize the communication capacity under the constraint
of basic sensing performance. Therefore, the problem can be
modelled as

max
∆ϕ,BWc,BWs

R∑
d=−R

γdRc (d)−
R∑

d=−R

∆Ds (d)

s.t. 0 < ∆ϕ (d) < ∆ϕmax (a)
SINRmin,s > SINRs,th (b)
nc + ns ≤ nt (c)

(11)

where the objective aims to maximize the communication ca-
pacity while minimizing the sensing spacing distance. Taking
the beamwidth adjustment costs into account, a discount factor
γ is defined, whose value is 1 when the beamwidth needs no
adjustment, i.e., the beamwidth adopted at the current position
is the same as that at the previous position, otherwise its value
is smaller than 1 to discount the beamwidth adjustment costs.
Constraint (a) restricts the inter-beam spacing, where ∆ϕmax is
the maximum allowed inter-beam spacing. The sensing SINR
requirements are given in constraint (b). During the adjustment
of beamwidth, the number of antennas used for sensing and
communication beams should not exceed the total available
antennas, which is stated in constraint (c). Obviously, this
problem is a typical combinational optimization problem, and
hard to solve.

In our optimization problem of Eq. (11), the beamwidth
adjustment cost between two adjacent positions is considered,
that is the current decision will influence the subsequent
performance. Therefore, the decision of inter-beam spacing
and beamwidth can be characterized as a Markov-decision
process (MDP). The RL algorithms, which learn policy
through trials and errors and make decisions intelligently
according to environments, have been widely used to solve
MDP problems. In this paper, we employ the model-free RL
algorithm, i.e., the Q-learning algorithm, to decide inter-beam
spacing and beamwidth, where the state, the action, and the
reward, are respectively defined as follows. Moreover, in HSR,
the movement patterns of trains along determined rails have
strong regularity, leading to the strong regularity of wireless
propagation environments in space and time. To a large degree,
the off-line trained model can precisely match the on-line
applications. Consequently, the computation complexity of the
proposed scheme mainly happens in the off-line training phase,
and in the on-line application phase the best action can be
directly determined according to the current states without
iterations.

State: the environment state in our problem includes the
position of trains, the sub-6GHz SNR, the mmWave SINR,
the communication beamwidth in the last state t − 1, and
the sensing beamwidth in the last state t − 1, i.e., st =
[d, SNRsub6, SINRc, SINRmin,s, BWc,t−1, BWs,t−1].
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Action: the action consists of the inter-beam spacing and
beamwidth of sensing and communication beams, i.e., at =
[∆ϕ,BWc, BWs].

Reward: based on the formulated optimization problem in
Eq. (10), the step reward is defined as

Ret =

{
γdRc (d)−∆Ds (d) , SINRmin,s > SINRs,th

−∞, otherwise
(12)

Nevertheless, with high-dimension states and actions, it is
unreasonable to keep the look-up table of Q-values. The deep
Q network (DQN), using deep neuron network (DNN) to
approximate Q-values, can solve this problem, where the DNN
parameter updates can be modelled as

vt+1 = vt + ℓ
(
Rt (st,at) + ςmax

a
Q (st+1,at+1,v

−)

−Q (st,at,v))∇Q (st,at,v)
(13)

with ℓ, ς , and v representing the learning rate, the reward
discount factor, and the Q-network parameter, respectively.
Since the DQN algorithm has uniform implementation pro-
cedures, considering the space limitation, we just provide the
main models of our problem, and more details about the DQN
algorithm can be found in [15].

IV. SIMULATION RESULTS AND ANALYSIS

Based on the theoretical models, in this section we con-
duct simulations and analyze the results to demonstrate the
effectiveness of our proposed scheme. The parameter settings
of simulations are listed in Table I. For fairness, we compare
our scheme with the fixed inter-beam spacing and beamwidth
schemes. In Fig. 4, the selected actions of the proposed
scheme and the communication spectrum efficiency of differ-
ent schemes are shown. From the results in Fig.4(b), we can
find that owing to the optimization objective of maximizing the
communication capacity, the proposed scheme with adaptive
inter-beam spacing and beamwidth can achieve almost the
same spectrum efficiency as the fixed inter-beam spacing
and beamwidth schemes with antennas equally allocated for
sensing and communication beams. Compared with sensing
which aims at receiving echo signals, the receiving signals
of communications only experience one trip propagation loss,
thereby having higher tolerance to interference. Consequently,
enlarging the inter-beam spacing has limited improvements on
the communication capacity. While for the case with more
antennas allocated for sensing beams, the communication
capacity is heavily degraded due to the reduced beam gain.

Fig. 5 depicts the received SINR of sensing echo signals
under different schemes. Comparing the two schemes with
fixed inter-beam spacing of 20o and 10o and 50 antennas
respectively allocated for sensing and communication beams,
when d < 0, at the same position, the larger the inter-beam s-
pacing, the shorter the propagation distance of sensing signals,
leading to higher received SINR of echo signals, while it is
opposite for d > 0. Moreover, at the areas with d > 0, sensing
distances become larger than communication distances, and

TABLE I
THE MAIN SIMULATION PARAMETER SETTINGS [14].

Parameters Values Parameters Values
dmin 20m fc 30GHz
Pt,c 23dBm Pt,s 23dBm
σRCS 1m2 NF 10dB

Boltzmann’s constant 1.38×10−23J/K I(m) 10
Bandwidth 200MHz nt 100
SINRs,th 6dB Discount factor 0.2

ℓ 0.1 ς 0.9
Coverage 200m ∆ϕmax 20o

-100 -80 -60 -40 -20 0 20 40 60 80 100

Traveling distance d (m)

11

12

13

14

15

16

17

18

19

20

Proposed scheme

Fixed beamwidth with n
c
=50, n

s
=50, =10o

Fixed beamwidth with n
c
=30, n

s
=70, =20o

Fixed beamwidth with n
c
=50, n

s
=50, =20o

(b)

(a)

(-100m,-60m) (-55m,-45m) (-40m,45m) (50m,75m) (80m,100m)

nc=60

ns=40

9= ofD

nc=50

ns=50

10= ofD

nc=50

ns=50

9= ofD

nc=60

ns=40

9= ofD

nc=30

ns=70
20= ofD

Areas

Actions

Fig. 4. (a) Selected actions, (b) the communication spectrum efficiency
comparisons.

therefore the inter-beam interference significantly degrades the
sensing SINR of the fixed inter-beam spacing and beamwidth
schemes. Although giving more antennas to sensing beams
improves the sensing performance to some degree, the received
SINR of the scheme with 30 antennas for communications
and 70 antennas for sensing is still lower than SINRs,th at
the areas (40,100)m. In the proposed scheme, owing to the
adaptive adjustments of inter-beam spacing and beamwidth
according to dynamic wireless environments, in most areas
the received SINR of sensing beams can be maintained higher
than the basic requirement SINRs,th, except two points near
d = 75m. Compared with other schemes, the proposed scheme
does not always achieve the highest SINR, such as in the area
of (-100, 25)m. This is because the sensing optimization object
of our proposed scheme is to minimize the sensing spacing
distance, so that we can obtain the track inspection data with
trains passing through. From the selected actions shown in
Fig. 4(a), the proposed scheme can keep smaller inter-beam
spacing as well as smaller sensing spacing distance than other
schemes. In practice, based on the detection probability and
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false alarm probability requirements, the SINR threshold of
a radar system can be determined, and then we only need to
guarantee the received SINR higher than the threshold, from
the perspective of which, the proposed scheme achieves the
best performance.
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Fig. 5. The received SINR of sensing echo signals.

V. CONCLUSIONS AND PROSPECTS

In this paper, to improve the communication capacity, and
meanwhile to enhance the HSR maintenance efficiency, the
joint sensing and communication HSR mmWave wireless
network architecture is introduced, where two mmWave beams
are intelligently controlled to simultaneously provide broad-
band mmWave communications and environment sensing.
Then, under this network, we analyze the inter-beam interfer-
ence between sensing and communication beams, and propose
the DRL based beam management scheme to balance the
communication and sensing performance. Simulation results
have demonstrated the effectiveness of our proposed scheme.
In our future study, under this joint sensing and communication
HSR mmWave wireless network, we will further investigate
the beam management during handovers, realizing seamless
communications while simultaneously guaranteeing the sens-
ing requirements.
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