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Abstract: Addressing the challenges of prohibitive signaling overhead and environmental non-stationarity in distrib-
uted coordination for 6G semantic communications, this paper proposes a dynamic experience alignment and adaptive
transmission mechanism for deep semantic agents. First, the edge collaborative communication process is recon-
structed as a single-agent Partially Observable Markov Decision Process (POMDP). A Locality-Sensitive Hashing
(LSH) operator is introduced to project high-dimensional semantic features onto low-dimensional manifolds, thereby
constructing a lightweight dynamic semantic knowledge base . Subsequently, a Knowledge-Enhanced Proximal
Policy Optimization (KE-PPO) algorithm is developed, which reconstructs the joint reward function based on Infor-
mation Bottleneck (IB) theory and incorporates a policy entropy-driven dynamic fusion weight mechanism. Experi-
ments based on real-world visual datasets and time-varying fading channels demonstrate that the mechanism signifi-
cantly reduces the global interaction burden. The theoretical estimation of control plane signaling overhead is reduced
by about two orders of magnitude compared to traditional distributed schemes (theoretically reduced by about 150
times under the assumed protocol interaction model), and inference accuracy is improved by approximately 16.5%
compared to DeepSC under extreme channel conditions at -10 dB SNR. Furthermore, the online update computational
overhead at edge nodes is successfully maintained at a sub-millisecond level. Results confirm that the mechanism sup-
presses policy oscillations in non-stationary environments to a certain extent. Experiments under 5 independent ran-
dom seeds show that, while ensuring real-time performance, it achieves an effective trade-off between inference accu-
racy and communication latency.

Key words: 6G semantic communication, Dynamic semantic knowledge base, Proximal policy optimization, Adap-

tive collaborative transmission
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D,, LSHAIHEK.

2. For BN IZk[E & ep=1to M do :

3. HEME, FREYILE R A o,

4. For TP Hit=1to T do:

5. VHELHERE R H O E RS AUE o,

6. BUTENE ~ g RIIET 1B B 925
r ORI 0,415

7. TR 4% K (s, a) < K(s, a)+n(r—
K (s, a)) B A3t SKB;

8. MG TLICH (04, a1 7150441, To1a) 2 D5

9. End For

10. M GAE LAl o0 5 ¢, ibEL
VAR 7REE /9 At

11. End For
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TETE ARSI b, A0 T AL SRR
— IR ATSS, AR B IRE T AR )
P fE AT T E, X K44 19 Ground Truth Caption 347
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a7 A RME S e 2R« = s s
TR

Level 0 (4HKLJEA &5 O R BRI %
LR CHIR, 0 A SRR RSB R
KAl &R (BIUT: "A red sedan driving on a wet
asphalt road") . %2 = K HAS B I(Z;)Y)RHEE
e, AR 5 RAER) Token £ & JE -

Level 1 (Z540H 4208 0O = 5t TUAR A& K
ST EIR, ASREUEEM H RO IR R =
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T UE B R S EEE T RS .

Level 2 (R0 S« $AT IR IR B
RS, AN P B I T R OB A AT H bR S AR AR
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s B KA (I et fg k. ML BEUR 2
PR AP B 4 BT i HAZ D ERTT R
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M ZE/MEC & E T IR, WEEL S
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TR B2 R A B At 19 S (BR g 9 15 TOPS 55
710, ALTEPAT B W 2% T ) A R S T
LSH (W& 5 7 ML & R, AR B H i 4ax
NI T =R, BE 6G W48 KN 1&
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] H 45 11 4 i B R AE (Level 00, ARFRIE SR i
e DR FE I B R R e B RR

Random (BEANLIENE): 1E="ME X E4555%
b7 T E BB FE, E N RS R I FEIR
ik,
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HEPRAEIR,, FEHERAS FE 585 I 1E 2 [ 5230 148

I RS Hd .
433 £ = LSHEL 42 Bt B4 3) H %
ST

N TIRANIR TSN FR AR R JZ IR 2 A
AR, AT T T R E R R R
BB IR . SEIRAS S TR REAAAE S BN AR
RIS H A, FLAHR LSH RS S 7 5 4 (4 57
R i R BE VIR IR & A KNI

SIS R 6 s, RIREE AR 7 o %

=&~ Full System {Ours)
—®- DeepSC (SOTA 2021)
1/ =#- L-sc(soTa2024)
—C= No-KB (PPO)

=&~ Static-KB (alpha=0.3)
—4#— Greedy (Level 0)
== Static (Level 1)
Random

=
oo

=

Inference Accuracy (BERT-Score)
g

.
v 8 ——0——-0

o s
o e * Mmomom ’(

G e
B

B P

PO =2 EY

I
P

T T T
=10 -5 0

T T T T
5 10 15 20

Signal-to-Noise Ratio (dB)

Fig. 5: SOTA Comparison under Non-stationary Channels (5 Seeds)

K5 FIMSE R T 5 Gk 5 SOTA XY ELseie 7 Hr



m XXXX

14 -

SO0 SR B SR A . ARV GR AT A B R
200 MG, IHEREREOR, R RefR T
R IR R I B, Fraf R A s e “ (518 -
TS BRA Y ER A LSH &7 i i ie
BAMEFNR T 2500 FEE I ZRHERE 2 400 85 LA
Ja, WZeB b TR, TERZT 15000 Mk
SRS AT G .

X— M CRAIA R B TN PR
W, WY RGWH)Z IR T LSH FE4E5H
THREEE SIS St . SRR, Zshdsm
W REME LE PR P N A S 4E LT I AT T
B ACR SRR R E O, AT 4R
FaPA BT (110 2 2 Be AR 3R AR 8 W] S I IR JZ TR 3K
.

434 Fva: FHEAE-FAAIEL T 69 M 3K ) A
NN F

40 SR A IR 52 56 0 T W R G R 5
E, B AR T DR N g A 224 e AR A T s I A8 24 7
B RO e SR B LB . A% 48 TR B34 R
TRAL R S 3 BOR R G SR 5 e 56, AR S0 JE A
FIHT T A SCE A T 58 s 6 1% 2 25 Rl & AL
H 7 ROU E & BT R .

16000

T 0 S B AR TE R AR N SN B A P Bl
(1B HORA,  OW B S E MR I T o
AR PR BN RFE . SEBR R I, a, IF RPN
—WE, MRS RENTIE SR LR
FRRBC R (KL 8D BT = B iy R
We .o 75 BRI, A o, ML B0 X R 7E
0.44 % 0.58 2 ], {HTE Softmax 5§ JH— b 2% 8
H, 014 FIBCE (% 2 DL B0 VR i 2 4 A
RAECERURE, AT E AR ) PR SR AP A S
PR R 5 R FH a0 Tt bR i S B, AT 500 i B R
5

BRI R A R B 5 R BTN 55 R AR
PO, A0 0 2% e DL R S A e e
B REBNAE, LR WS 4t 23 A0 A5 J5 06 I 1) U0
UEEE, JRJZENUHI B TR — “RSREE,
HEN P TF T RS E a, (282058 FIEED ,
AT REAR E B ARRUA L )25 15 AR EE e
- TFRaseIn 2206, AT S 1 a2 5 AR ks
2, TEMZORAEENR AN, P2 E [
%, o, ABIEIREARAL, A AR E RO 323
RE =G XRAERIIE ). X — 983 1 Bh Al
AFRALH, R T KE-PPO 53543 R4 00 38k 9F

% 140001

K&

10000 -

8000 1

6000 -

4000 -

2000 4

MPEREERR (ML

0 100

200

300 400 500

YZ:ES (Episode)
Bl6  HIH AR B R L



<15 - BERY XXXX E5 XX 8
Fala b SCELXT 6G B 2 2 A EE IR B H & B -

N 5 Z5RiE
JRZ1Z 5,
435 F¥ A LSHY A % k 69 M e S ARICERT 6G 1B SEAS IR B 510450
i PR BCH SR PR, W FE T — P m R 2 S

N T B UE RS 529 HEIE A IR A AR 4 2 k=8
YEE SURE R & 3V, A0 LSH M4 51 1)l
SH kAT T I RS U S A SIS 43 ) R
T ke{4,8,16,32,64} 5 If] R 41 3 Rt 2 Jih 5 A
RICHCHEIR o SIS EE R, Mk=48f, HTE
it E, WAL R B 2R B, Critic 4%
HME LA 5E A RSO UL 7, BUR S8 Rh 2 il
TREZ 18%; Mk=16 0], E IR 2R FE 4E 5 11
BINmREAC, REXEhETEM AR B Y
2%, AH IR E FRPIR 2 25 A AU 2 F8 S K
FHOLLGT F AR R 5L TR IR R
WEMRLAKR, I FES, FEEiPHREREES
MG IIITAS, HEL k=8 RS A AT 75 2 P Tl i i
ZEFRA, LIRS R SRR T % R ) e A

RER AR TE 37 5 B & AR L . @ 5N
ERRURIGAS BT O LR AE PR IR E TR, IRk
E R ST R ST A S A R TN
POMDP, fi# KE-PPO HyE7EE i i1 5 5 1 B
PP e A (A A MR 7, FEER A
TH1 38 B A A A e o0 A1 207 28 7T S I 24 7 S 4
BRIk IR LY, 1E-10 dB IR HVE
BRI T, AL 0 HE 2L 5 2 5%
DeepSC #2210 16.5%, Hil% ¥ S L #
FH IR REA YRV 2 F . YR —E
FREE L0 T A PARIRAEE T IUSRMS RR %, TEIR MR
SERF R RTER R, SR T HERDRS FE S AR 1Y
AT AR SRR T8 U
A A1, WK R 6G 1448 BN 45 v

Pref B, BEEWRHT S RIS 2% 55
— EHENERH
0. 58 - 1 -=- FIREE
0. 56 " \
| It e
” | |
B
41 0.52 |
..
& | )
41 0.50
0. 48 4 |
ﬂ
0. 46 4 b '
0. 44 4
0 25 50 75 100 125 150 175 200

RERE (Time Steps)

’7

AR RIS T R SRS O Bl )



m XXXX

«16
50.0
=B— Avcrage Cumulative Reward
~@ - Rectricval & Update Delay F12
47.5 9] +-+-+" Sub-millisccond Constraint it
l”
-

45.0 i = $ o -
T e =
& -~ —
% 42.5 4 e - "é}"

-
z o o
= 7 =
E] 40.0 A e ..:Q
=] o’ L6 5
= 27 'T
@] /’ <
8 375 4 - =
£ 5
L {,’ L4 B
- ]
< 35.0 A "a' o
-
I”‘
I’ B 2
325 #=
-
I e e
i
300 1 —% . . . 0
4 8 16 32 o4

LSH Code Length k [Bits]

K8 XU E S T ST A

SE R

(1]

(2]

[3]

(4]

[3]

(6]

STRINATI E C, BARBAROSSA S, GONZALEZ-JIMENEZ ]
L, et al. 6G networks: Beyond Shannon towards semantic and
goal-oriented communications[J]. Computer Networks, 2021,
190: 107930.

ZHANG P, XU W, GAO H, et al. Toward wisdom-evolutionary
and primitive-concise 6G: A new paradigm of semantic commu-
nication networks[J]. Engineering, 2022, 8: 60-73.

SHAO J, MAO Y, ZHANG J. Learning task-oriented communi-
cation for edge inference: An information bottleneck approach
[J]. IEEE Journal on Selected Areas in Communications, 2022,
40(1): 197-211.

GUNDUZ D, QIN Z, AGASOUNIS 1, et al. Beyond transmit-
ting bits: Context, semantics, and task-oriented communications
[J]. IEEE Journal on Selected Areas in Communications, 2022,
41(1): 5-41.

XIE H, QIN Z, LI G Y, et al. Deep learning enabled semantic
com-munication systems[J]. IEEE Transactions on Signal Pro-
cessing, 2021, 69: 2663-2679.

YANG W, DU H, LIEW S C, et al. Semantic communications
for future internet: Fundamentals, applications, and challenges
[J]. IEEE Communications Surveys & Tutorials, 2023, 25(1):
213-250.

(7]

[10]

[11]

[12]

[13]

SHI G, XIAO Y, L1Y, et al. From semantic communication to
se-mantic-aware networking: Model, architecture, and open
problems[J]. IEEE Communications Magazine, 2021, 59(8):
44-50.

JI'Y, WANG Y, ZHAO H, et al. Multi-agent reinforcement
learning resources allocation method using dueling double deep
Q-network in vehicular networks[J]. IEEE Transactions on Ve-
hicular Technology, 2023, 72(10): 13447-13460.

DU H, LI Z, NIYATO D, et al. Enabling Al-Generated Content
Ser-vices in Wireless Edge Networks[J]. IEEE Wireless Com-
munications, 2024, 31(3): 226-234.

YANG Q, LUO X, et al. Joint Transmission and Understanding
of Semantics with Edge Intelligence[C]// IEEE International
Conference on Communications (ICC), 2023: 1-6.

J1'Y, et al. Multi-Agent Reinforcement Learning for Covert Se-
mantic Communications over Wireless Networks[C]/ 2023
IEEE In-ternational Conference on Acoustics, Speech and Sig-
nal Processing (ICASSP), 2023: 1-5.

WANG Y, CHEN M, LUO T, et al. Performance optimization
for semantic communications: An attention-based reinforce-
ment learning approach[J]. IEEE Journal on Selected Areas in
Communications, 2022, 40(9): 2598-2613.

ZHOU F, LI Y, ZHANG X, et al. Cognitive semantic
communica-tion systems driven by knowledge graph[J]. IEEE
Transactions on Wireless Communications, 2023, 22(3): 1234-

1248.



e 17 »

BERY XXXX E5 XX 8

[14] WANG Y, et al. Semantic Communication for Partial Observa-
tion Multi-agent Reinforcement Learning[C]// 2023 IEEE Sta-
tistical Signal Processing Workshop (SSP), 2023: 1-5.

[15] QI Q, WANG J, MA Z, et al. Knowledge-enhanced semantic
com-munication system with OFDM transmissions[J]. Science
China Infor-mation Sciences, 2023, 66(8): 182304.

[16] YU C, VELU A, WANG B, et al. The surprising effectiveness
of PPO in cooperative multi-agent games[C]// Advances in
Neural Infor-mation Processing Systems (NeurIPS), 2022, 35:
24611-24624.

[17] SHAO Y, LOURO C P, GUNDUZ D. Learning over-the-air
digital semantic communication[J]. IEEE Journal on Selected

Areas in Communications, 2023, 41(8): 2490-2505.

HEE®T]

TR (1988-), 5, Hd, WiVl TR K :.J?EE%I%”MM (% ZE v i N TR g

EER (1976-), 55, 4, WHL LR
FEESHETTRY%R (2Rt T8
SR HE, EEH IR G
BAR B EARR G524

ftE (20022, Z, WiLAFFRA, WL
K Eu%%¥1%$%<ﬁ§ﬁ%A

BRI (1973-), Y, 4, WL TR
FRERT LY (5% N T8 ik
2:B¢) #H#%, IEEEMIEEE-CS &, W[E
e mda i, WL S,
F B T T 1) 9 T ORI SR T
% B2 5REEBHE M mARG IR,

Fhe)  m@T

FLGL, BT R R N TR RE X 2% i B N S B B



