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Abstract:  With the rapid development of industrial wireless networks and wireless communication technologies, de-
terministic transmission in wireless networks has emerged as an important research direction. However, the inherent uncer-
tainties of wireless channels, such as multipath fading and co-channel interference, pose significant challenges to achieving
deterministic transmission. To address these challenges, the internet engineering task force (IETF) proposed the reliable and
available wireless (RAW) architecture, which adopts time-slotted channel hopping (TSCH) as the underlying technology in
industrial wireless network scenarios. In order to ensure reliability and stringent delay requirements, RAW incorporates a va-
riety of mechanisms, including the use of packet replication, elimination and ordering functions (PREOF) to exploit path re-
dundancy and thereby enhance transmission reliability and determinism. Nevertheless, existing scheduling schemes have
not sufficiently considered PREOF or the joint optimization of routing and scheduling. This results in redundancy and ineffi-
cient resource allocation in the time-frequency domain, limiting the network’s ability to support critical flows. In this work,
we formulate the joint optimization problem of multipath routing and scheduling for deterministic flow transmission and
propose a hierarchical reinforcement learning-based resource allocation algorithm, termed hierarchical reinforcement re-
source allocation (HRRA). In HRRA, the high-level policy is responsible for selecting multipath routes, while the low-level

policy allocates time-frequency resources based on the high-level routing decisions, explicitly accounting for the elimina-
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tion of redundant packets by PREOF at aggregation nodes. To address variations in topology size and heterogeneous traffic

demands, a graph neural network (GNN) is integrated into the high-level policy to enhance feature representation. The HR-

RA algorithm selects appropriate actions according to flow requirements such as deadlines and reliability, thereby maximiz-

ing both the number of schedulable flows and overall resource utilization. Through this cross-layer optimization framework

and explicit support for PREOF, HRRA not only mitigates redundancy and improves scheduling efficiency but also better

supports deterministic communication requirements. Experimental results demonstrate that, compared to baseline schemes
such as DGRL+MWIS and EDF-MO, HRRA improves scheduling capability by 10.6% and 36.6%, respectively, while

achieving higher resource utilization.
Keywords:

reliable and available wireless; packet replication, elimination and ordering functions; hierarchical rein-

forcement learning; graph neural network; network resource scheduling
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4 S 008 Ak B R R O R R A ) 0.8 % L B
FER AR BT A 7 1 A FLag BE A ] I B 9 A B R 2R AT
IS L g . FRATTHE— A I TR 12 L K Ok R 4 &
0.7.0.6 F1 0.5, Lo 45 K an &l 7 fir s o Al DL #

HRRA 76 A [R]85 1k 1 8] L 461 4R 2R R Re R 3, B
TEL R A% B 3 59 (A0 7 (e) 19.0.5 %) , HRRA 1)
AR B T R B — 2 K R e S A R A T
T 5 ) TR LB T o YAk BT R] R A L (R
SEY/INEE A T A X BRI % R IR
P B B ok, T 2 P £ 40 B A L I B R R
AR BB TT F cell BRI 290 . [HIL , HRRA f#) B 4iE
1 e b BR AT A7 EE A B R Rk, I AE B A W B
SR A TS T P, HRRA S 1o 5 )2 2 SR AT e e 3
1 TR A AN AIRL FE cell 43 BC SR, B 78 S KA T A7
B 7 1N RREEARA A T 3 e vk i e R

(2) s 2 i s 4iE o [ 8 JE N T AE 80 WY A HiFh
TEA A W R T 4% B0 ik i B i A R P . BE B T AL
2\ 240 B9 F] 1200, R4 IR 5 S 0E EE R R
VT8 T, T A R 1 i B g B A B R TR g R
1M 7 , HRRA 7€ 4 3 U 5t 3 57 1 0f 2 (R 15 Je IR
HE ., HRRA 38 i 15 J2 5K ws W 6] 410 1k il 22 B 42 A% S AL
Tl 7 R0 % firk 0 2 I 400 o O B A AR L DT S B
A B I AE 45 4] . DGRLAMWIS J7 28t DGRL % i
i FL A B RE 1, AT AR PE 0 F 25 4 A BAFIR A A Ak
AR, R A A B AR T s MWILS 9 B 25 W) 58 43 GCN
PETF vh o (B b b Sy 4R B R U i, DT 5 O & I B
BB 7, B ICE BEHE BN 55 i 28 23R . ODeSe+TASA [R] F
FI A 2 A2 1% b, 38 2 25 1R TUAR IR 7 5% e 3043 R B AL
S E R R REREAL . ML BT R
(EDF-MO . ILP3+TASA F1 RPL+MSF) 7£ A1 375t v H fig
S I T A B ] S, S 0 2 i R A B 3 T
2 B0 A ) 1 200 £ B, HRRA 4 S 2 B 4iE A L
DGRL+AMWIS fl EDF-MO 43 5| B AKX T 9.88% 5 25.5%,
R LS R A LA TE B T A T i A g

(3) IR AR, F9 R T AR R 25 BB
A BRSO B I M R P A B R RO SR R .
DGRL+MWIS 38 & 5 T [&] #if 28 9 2% 1 e K 0 7 4 4
B A vh 28 R 29 BT 1 RO 326 T 9 A% i 1 i B
A A R A G IR R RIEE BRI 9, DT v R
FIH Z . ODeSe+TASA K i 22 [ 428 70 4% 1% i 4% 5% m]
SR ER X TR R TR AT A SR A — E N E
ST . B AR U7 %8 (EDF-MO | ILP3+TASA F
RPL+MSF ) W) 75 38 32 451 ¢ 11%) 4% i o 1% O b ] S 1, 76
T R R B S EORE TS E R Y cell 0L, TR
FIARCR B E T, M2, HRRA 76 T A W 45 5
BT i AR e P R R R 32, X2 B F HRRA 7
i FR R BE X A A I AE SR R 51 T X PREOF 152
£, PREOF REU% A &M B3 7043 Bl |, i ¢ A £ £k 0 B
i 45 FRAZ FAH 52 1 22 B A% 45 46 2H B0 e, DT 76 78 43
FIFH A3 BE cell %895 B9 FERE -, 5230 0 =5 Ak 9% U5 0]
R, M ZE SR R B AE 100 15 5 3% 5, HRRA 71



82 T

i 2026 4F

3

T T T T T
I RPL+MSF [ EDF-MO I DGRL+MWIS
[ ILP3+TASA [ ODeSe+TASA [ HRRA

VE PRI %

40 60
R

(a) 0.7
(a) 0.7

T T
[ DGRL+MWIS 7
- ILP3+TASA [ ODeSe+TASA [ HRRA

90t 1
80
[
, | )
s
|
L =
|
|
F }
‘
0

T
100 - RPL+MSF 1 EDF-MO

PARE PRI Y%

20 40 60 80 100
Rt 6 S
(b) 0.6
(b) 0.6
100~
B RPL+MSF [ EDF-MO B DGRL+MWIS
90+ 3 ILP3+TASA [ ODeSe+TASA 3 HRRA
801
70
S
oy
=
=
=
0
20 10 60 80 100
(c) 0.5
(c) 0.5

7 VR R AT AN A L B T S AR LT B A
Figure 7 Scheduling success ratio results under different deadline/peri-

od multiples

R A RCE A T DCRLAMWIS J7 2 fil EDF-MO 4.
R TE T 9.9% F135.1%

I RPL+MSF [ EDF-MO [ DGRL+MWIS
340 [0 ILP3+TASA [ ODeSe+TASA [ HRRA
320F
300
280F
260

Eob
: ' {' é@ij |

o {-; !
i N
A ﬁ%ﬂ gy M

40}
20}
0 240 420 720 960 1200
k(68
P8 mfgELY
Figure 8  Delay results
Il RPL+MSF 1 EDF-MO B DGRL+MWIS
R ILP3+TASA [ ODeSe+TASA BN HRRA
0.20
#0.15
B
=
0.10
0.05

20 E 60 80 100
i A

B9 BEIM R

Figure 9 Resource utilization efficiency results
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