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Abstract: To address the characteristics of complex perception tasks in high-speed railway scenarios, including directed
acyclic graph (DAG) dependencies, high-speed mobility, and dynamically varying trackside computing resources, a mo-
bility- and dependency-aware hierarchical proximal policy optimization algorithm (MDH-PPO) was proposed, since con-
ventional offloading methods designed for independent tasks cannot efficiently support online decision-making under
subtask dependency constraints. First, complex perception services were modeled as DAG tasks, and a collaborative
multi-edge computing model was established to characterize input uploading, inter-server migration, task queueing, and
computation. The dynamic offloading problem was then formulated as a Markov decision process. A hierarchical offload-
ing mechanism comprising topology scheduling and server decision-making was developed, together with a joint action
mask. An enhanced proximal policy optimization method was further employed to learn an online offloading policy in
high-mobility environments. In the simulations, lower average end-to-end latency and higher system computational effi-
ciency were achieved with MDH-PPO than with the benchmark algorithms under varying computing loads, edge comput-
ing capacities, and train operating speeds. These results demonstrate the algorithm’s stable training performance and
strong adaptability to high-speed mobility.

Key words: high-speed railway, edge computing, dependency awareness, task offloading, proximal policy optimization

WimHEHA: 2026-08-16; fEEIHHA: 2026-09-01

B{EEE: W, ycao@bjtu.edu.cn

EHEUIH: EEXARFAEERBIIH (No.U2368202, No.U2468203)

Foundation Items: The National Natural Science Foundation of China (N0.U2368202, No.U2468203)



.2.

5

hallis

{18 XX

B

0 3|5

A 2025 48, O Rk E L AR O
5.0 77 km, TR T A BRI I R 1) s 2R B Y,
b3 7 A Tt A KL, A v ek
AV R R A VOt AR 9RO P B ) 22 A e O
Rtz s, BRERAT L IEAE D bR HE2E 2 Bk Bk S Y .
s &bl EEEEn. RS . B As iR
A B P S A R eV 55 TR RS B AR AR S WO
IR KU I SOs AT W % A 1 22 5 S A
RS, AT K@ E R A BRI R THH R
28 e FH IR E 2 TR ™ A8 SR R, LAl ZE BT AR %
U HME LAAE 1 Ml 5% 970 8 2% A1 T 5 2 A2 S ) Ak 3

B — BB E R SGR 5M&ITHSE
HRBRRE, e ek s . (s Sk
B RIS AT IR BRI AL T HOREEAEP). B ahi it
BRI TR AFAE RN 2% 8 1B BN 414
Z, WYEEBIRR SR BIRC RIS, R
FE VS R AR S T AU 7R Bl ek R
CINEEE A SHIE oI Sule 3 s N < | KA SVRee <oy i A
AT S5 E R R AR I 2T AT, AT 2 A 4
BT R Sy B AR 2 A B 20 SR T, R
PR EIE ST NS & . TOERBERIRES M ]
RIAZ BHIEA WAL, AR SSATIARIE AT Be 4 [ 72
IS I 55 2 Bt AL, AN B s AT B
(RIS 23 Bl A o

B EDE RS SR T A SAT S, O
HMAES R BT DI AN 2 R 5
Z 7T AT . SCHR[ 1218 %) &l Bk % 2 B N1l
Gt WA AT S5 8% th 5 U1 ) A, e ERA R
TR S 28 AT S5 A BRRE 775 SCHR[ 1313 — 20 R 1)
TR F TN AT AL E R 5T #e,  Lod R s
Bl gl E AL SCHR[14] 1 7] 42 3l 2 it 5
BTt o3 A AR S5 AL, AR 2250 Sl 415 R
EHIEORIEE: $ZE =07 A M NI sk 73 =R e SN 4 9 i
WA AL, FHEREG HAsk. 5 RS
Hrdesin h 5 2 AN A BRIA T H R, A AR BRIA S 2 [H]
AAEWIH AT IR S 5 4k % R o EIRRIE T3 8Kl 55
R GOAH B AR S5 B8] E AR, A
AE 78 70 T IR AR BT 55 N AN [R) b B BA 7 2 [8] £
PAT AR 2R

A rJCHE  (directed acyclic graph, DAG) #

T2 T 3 A 55 TR £ 1 B A0 s AN 4 A% 3 O
o BRWT IR — L E BRI SRS
[ ARG A % F o SCHR[ 151 7T AT 55 4k 5 1 5 5%
PRIEA 7 BC A, STHR[16]4 H A AT 5% ) 4%
5% 2247 7775 (dependency-aware task offloading
and service caching, DTOSC), i i Bt & 4 14 4k ¥t
R EN ARG SR AF IR T 3L Gt AR Uik
[17]4& i ] {3 HK 86 AT 55 #0 %1 J7 % (dependency-
aware trustworthy task offloading, DeTTO), £ 1T
F-ARH R F IR b — 0 2 Rk T TR 3
BR[ 1813 & =5 FE AL 3l FH 7 I MR 55 180 2 5 I 2% iy
By, WIS R SRS B A A AR SOk
(1918 XS 22 3 2 i S WF 7T DAG AE: 55 [ 7 2k 1 4
5 5 RAIHE . X SR 7T 32 EE 0 ) A A% i 2
THE BT F M 5, mE kR R T ER
Bl WEIEFE. DAG #i TR £ 45 4% i 2 18]
BT SN B I BGOSR, A TTEAME L B
EH T K.

W8 & 1 55 RIS R ik 126 3 25 I 55 2 B 5
EVARANE A PROEY 5K, AL G T e 1 S B fE B
LA 723 LA R AE R R 7R oK R Ak )
R % 30 0o 457 21 58 B ) B A PR BT K U 28 5
W, CIZHN T R AT 55 IOE 2R B2 . SR
[201F] H DAG $ifi i AT 55, I 38 VR BT oAb 2
SIS 2 TN ST A ) TAE S5 E 8 STHR[21 44 E
S5 MO X 2 R FE TG B AR, I RO
5 21771 SCHER[2210) H B A 22 ) 45 42 X DAG
FAMEFAE, SCELZ H P 20 G5 R AOT 55 )
B SCHR[23]42 H 2R R B2 i Ak 27 =) B B 42
H1 %, 77 ¥ (quasi-Newton deep reinforcement learn-
ing-based two-stage online offloading, QNRLO), F|
FHATEVA — A 2R 55 I 2 A A= TR0 A A Rl £ 2 D 3 ok
W o S HR[24] % Transformer 5 IT ¥ % B% 1 16
(proximal policy optimization, PPO) %54, i#id R
i) SR ST P52 B2 e SRS B LM R RS I, &S
A BRI RN A BL SR A . SR, WA S U7k
T DTS5 58 N ZE . REFE B 2 h a1 o 3
T, X E RS SRR RS R R IEA
B, REER LR DAG AT 2% A4, AT RE ™ A1 9K
55 0 2R 58 J T I 4K AT 55 Bt 3 i T FE S AN W AT 3
1E, T3 I S =7 > MERE

gi b, BAET O m N A S ISR 1)1



XX

WIS R G BBk I 201 W R B2 5 A 95 s S 3R 7 -3

GAT SRR AT 55 1 B R i Ak 27 2] TR 2R oo 45
Ji T TF R T BONIRN T, B X il 2k % 3
5, [N H R ERS S 205 ME, URMESZ
] 0 MR O R A LR BV B T A AN L. A
I, ASCR AT AR AL S BT E R R, F
FAA )30 Z0) 1 AT 55 ) R RAT 20 3R e ) 25 SR 7%
KRR, BVLEEEEINFZ DG FTTEBA, 17F
IR b, K DAG ##UH AG NHR AN 200N 17 B
MR 55 A IE RS AR, ARYE R0 TAE S AT IR IR
Fas N E IEERE I LR RS 1 5 2 7
REAIE, e i 30 o SR LA 57 2] TE 2R ED 2 SR, DA
Bop AR B 20 B RN AT 55 1) s 81 s 6 SN 42

RS R ETTERA T

(D S HATE 5 HAE KO8 R 1) DAG AF
SRR, IR BRI S5 AR GO AT S AR R
REA AHPATARM RS K, Wi 2 o B
IR FE P ) IRAT VDR T SR R OE R

(2) WEFREEY|EIELB N S5 21h%
PR AT 55 VSRR, G — 21l 8] 4 2 YR IR 45 4
12025 IR 55 44 T AR R0 50 B0 A i DA B AT 55 & SRk [m1 1) 2
YT N SS AR B A S S EOT

(3) $RHBBNPE S WG B8N 43 J2 10T i S s
AT B E 3R BB I DAG Rk &
B AT AR I AT S5 5 G,  T J2 SR I 2% Mk ik
NGB IR BEHPATALE ;D RART S
MNAEHT . AIORES FxE R M 5 E A 3
RIS, FRE5E R 5 T R RS 2 218 1E
SEPSEHE DAG ITEZRENE .

1 RERESEREEE

ARG 8 I R = SR ZRHA T [ e R B X ]
dpizir s, WE PR, ZRMEEINE)R .
DG ERMEFLE.

AETT R
5
" s o " o
= . s =1
2 éimmmﬂ-.m éim
= : : :
=] P2 EERp TR " FEEHI
1 r.’ ‘ ....... -
Egtﬁ: e NPRESLT
— T T
e
W—W

K1 mod s i b R e

D SR S EE BN BOLHIX.
KW T LSS ATIRE I e, a4 R
Bl ABEAAE AL P ATER RS, Bk shE
NHEATE SHIRRBR R TAEF R, 5154
RAR RN EHE b A% 28 4 1T SRR 55 10 Gk 55 4
AT AEEE

2) WER: WA MEZ AN REIHE.
FAAFNEAE BT S50 G 55 4%, I B S A
L 2% ELIG, N B 2R B UL i U SR AT 55 ) 4R
550 BIZERRYE 2 AT A B B A R IBOH B 155 18 2R R
S5ax, AT M T 2 AL G T IR AT
[ZIEE G

3) mHLE: O EE T A O
FE R4 R AR SEI T RAT S5, NIL SRR
PR L SRS e 4 R BESCRF o A SO T 3 A X
HAT A I SE BRI SEIN R ST, = D AME
BESRAE ST BB AT T R, REAS ST SR 3R 3
TR XSS LGRS A Tt IR A )
TSR RAR ST 55 LR 1 iR

*1 FF St
ks B
M SRS B 1 SR B A
0N SBATHI S BB K
) VAL ¢ OB B B R S R B A
G,=(7,&)  #%p ity DAG {E5%
T, ViR p 5 i M TS
Ok VR p FTAES T, KT T, MR
o TAES T, RS EIAL S5 8 m
40 SLEIRSS B m YL TAES T, TSR
R, (1) JLLIRS 8 m 5 n 2 0% Rt o
7,D, VR p 10 T A R R A

MELGRFEEGNM={12,--M}, iz
ITHNELEAAR ={1,2,-,N }o —/ NN
KRG BB IR AT S5 R G0 P(1)e X TAERE
f£%p e P(t)ATRRN:

p= (si’c,sf,’“,ap,Dp),p e P(t)#(1)
For, AR55 Bk 1) 22 G R IR S5 #8124 53, R
USRS A o WRIRST & T DTRRMI ) 4 A% (R IR N 4L
P SRBCH AT RGURSIF OS5 15T AT



i’ i

hallis

B

{18 XX

W% . BT A EEESPIT IS, T
% SE B T ZE T RE LA Ve 2 ) — AN IS 2% -
W45 FAT AT B B2 R e AR 45 B8 10 s, RRON 4G
BAATIRSS 850 2 5% = sS, RS R FEET
BRGNS R B RATIRE R, HNRES
%5 a, D, 53 3 R s AR 55 338 I Z R KA 2
N %E
1.1 E5ER

AR B FE 2 AN A ORI AL BEIR TR )
R IR AT S, AT 2 A7 AE B AT
JIE > 0 K B A a5 0% RS, B A AT 45 45 R n 1 2
Fim o

B#RiRE! RIS RRAN ENISAR
() @» @ ® Q)
S ® 0 & o ©
@.@
@) @) &
@ © @
O s O vmsa O mewa ) sesa

E2 IR AT % DAG

AN TR IR AT 55 4 Ak B3R 5 A0 23 S 45 T REAS
[, AE 6055 W A0 5 55 4R AT R A v ) 45 SRA%
R AR B, KRR p BN
DAG:

G,=(7.£,)#(2)
R T, = (T, T T, ) R BT AE S 4T

& FA KIS -
BB TS T, RN

T, = (€pudd i )#(3)
Her, e, FREETAES T, M IER, )
A d )t o3 5 2R Fo A\ Bt A h e .
WAL (T, T, ) TR 0 2T A 328 P o )
HRBAEEC N,

HH AT, T,,) ek, MWEHETEST,, K
B TS T, M, BT, 8T, B oK
slo U TR R e TS HL I P ) S5 R B R
Gk RUAIPAT IR S5 &85, S5 4K R4 BETT AR AT

X IR R AR S, R A

Fr RN ARG i, BB AN R N AR R OR R 4k
)f_iy E[]'

L(T,.T,,) € E,.

Opjx = #(4)
0.(T,,.T,,) ¢ E,
Bt EROBOCR, W TR T, , AT IR
ARG GRS il E SN :

Pre, (k) = {/I(T, . T,) € E, [ #(5)

Suc, (k) = {/|(T, 0 T,,) € E, | #(6)

AT RER 5 N I AR S RONIR T =, HgE
TN

Vit =T, Pre, (k) = @|#(7)
Ja ARG N A IR AR S MO A T s,
EEN:
vt =T, Suc, (k) = B|#(8)

HAZA G4 i\ TSN 81
o B Z AR A2 AR S PRI &
o £ p RAEAEA L B4 w77 U3 58 G 4
AL 58 o
1.2 EEEE

AR 553015 B i 32 BP0 e R e S N BE R AL
GRS A A A LK

RS AR, 4 Je 5 i B At A
(VR IR 55 2 ST I Beade e, T8I 40 Hh TG 2 R 4
W EAE RIS AR . BB P R m s AT 0 e
LALTIERE M FEN, A SCEE— 0 2 BN 5N
TR @A . A mnd R Bl AL B 2 A
¥, e A2 A sy 2 A (orthogonal frequency
division multiplexing, OFDM) - % i 2 0] ff) 1F &8
RO, % RGN NS, HIE Ny WHNE
TEI Z1 ¢ 1B K 28 B AR O «

g = 0y (0)

0
W OFDM fF 5 Fr 82 [0 T, ¥ 2385 ¥ 808
SR IH — b T H A T D) 2R Le i R oo
|
P =1- f_l(l - |T|)J0(2nfd?avar)dr#(10)

Her, J,()AHE—KEN Bessel hEL. 54 i 2l



XX

WIS R G BBk I 201 W R B2 5 A 95 s S 3R 7 5.

FINGRST A s WIAT RAL R R LR -

——EEL—fﬂn)
w, + P.H, Py,

i*tis

w
R, = Wlog2 1+

1

Hrf, wWREEW S, NALZER—ICLEIE S
FHE, PNIIERNIIZR, o, NEXRESESIME
T,

BTG WRBOR R IIB IR TE 55 4 50 e 2 HAth
MG RS 2R PATHS, 1 E) 45 BAKYE DAG #i 4
SE RN 55 AT 2N 28 A8 i 22 S 4R T RUITHE RS 3
n, WG RG A B AL IR R AR,
il B AR — MR S5 A, WA LE R 55 4 N B i AL
6, oA IR S5 Al AE T
1.3 RIEFREY

A 55 1) 56 BT AE T2 B ph A% i ) S FNPRAT IS 28 20
B, HTARXHE R R SRS, HHEEREE
N ZE 2 BE AN T

AT 55 B AR T 8 43y b A% IF 0 i85 100 25 e 55
ITHRE . RERIE HIE EAE BIE RS 3,
N AR «

T = P #(12)

r’
is

VB A\ TR 2 S R S R R MR AR B e
4B TS IR RS0 SRS BT . 1
o BT IR 41 T 2558 n KT %5 T 2528 m BT 22 i 0

up m queue com
ap + Tp,k + z xp,k( Tp,k,m + Tp,k,m)’T(p,k)
ffinish _ meM
Pk .
tﬁmsh + z x;nk(Tﬁans + T queue | Tcom)’T
meM

(p,j) pokjm p.km p.km (p,k)

{155 p 1) DAG 58 I 21 B S5 8 58 Jd (1) A B2 2%
Ui AR, — AN BE S P A AT 55 e S8
HEA
T= 2 max t;ZiSh - a,#(17)

peP(t)
1.4 BEFERE
A RGN AR AR . TR
TR RERE. 155 p B F B4R BG5S
a ML REREN -
EX =P, > TW#(18)

root
T(p,k) S Vp

55 AT M RERE 5 AR B T R AN 247 5%, AE
% p MIERREFER RN

BOX AR d ok #, I M E p,,=0.
XTUAA(T, T, ) e E,, W AR 55 &% 8] 3 #% i
HEN

d .
Ttrans Pysk # (13)

pok,nm = pn,m R
nm

BT (F 45 9 B0 ) — IR 5 B0, =
me RIS S N A, R R
Xt TR T AL T, R B e IR % 5 m b
BT

2% AT I FE 45 S 1 B S FTHE A 4275 20
G, SLEEEE RS AT 55 KNG IR U 5 VA
S, L5 T, , MHTRT EA:

d, .k
T = p’m #(14)
p.k

Horp, £ ONIRSS 8 m BB TAES T, BT
PR, T HEBAS SE -5 24 BT R 55 45 (0 SRR DU A %
BK,, NIEETAESS BIIEMRSS 48 m RHZ R 55 4% L i
RIS TG BHTAES T, RS Hm L
FRIHEBA B ZE Ay -

m o _
0, > xi=0
T( 1) € K,
queue ’ # (1 5 )
pkm com
z Tr,]’m ’ ;H\: ﬁﬁ
T, €K,

(1)

WHRTAES T, I 5EIN 20 W] 48— Rom

root
e Vp

#(16)

root
gV,

E]tyrans = ptrans z T trans #(19)

pik.nm
T( pk)

Horp, PO IL SR ST AR SRR I AR . THELRE
FEI PR 1 G I 55 45 (0 30 25 HL R SR A T S
1155 p LGRS m EHAT A TR RERE )y«

€

2
Eyi, = Eipfxmcnx ) #(20)
pk) €

T( "

o, «, AL RS 5 m A RO R A R
WARSEUE 31 & 2N i TR = A g S b
I R G RERE A -

E= Y EX+E™ + ESnh#(21)

pik.m
peP,



-6- EofE % M XX
1.5 1j[—'1't I\E-IEE BEER | MDH-PPOM itk
fE LRI b, ALDES RN EAE | g | | [
BRAIEFR, AT S B A 57 1 R SR 6 .. == ﬁmigﬁﬂ; Ty
FE, WA — LN S 15 8 FE (K INBUR1F A 45 & AL B3 SRR | | RKe7°
. . i BEGRER | ) e | 7 :
ERZL ‘@ evemamme]| = a0 R
min AT + (1 - 1) E#(22) = |
” i | G |
S.t. mZMx‘D’k = I,Vp S PI’T(p,k) S Vp#(23) | :;L:;énﬁ. | Trmmraﬂ;vmauns |
0 <[k S x4 F,.Ypkmit(24) B3 MDH-PPO HIEET AT
"< F,Nm e M#(25 e .
2 p ! 31 R

pE PlT(p, S Vp

k)

T,<D,xy, €{0,1},Vp.km#(26)

Ferb THRIE 73 530 273 3 — A0 5 1) R G858 76 B SE A
RGLAERE, L e [0l AERE, XEQ@3)RIEE

NEH AL LA H R AR — AN HUT RS 2% X
(24) F5 38 1 R Pk 5 5 T AR T IR 43 T 2 1) PR AR B K
#; (Q2S)TRIEAR 5 2% 7 L 1) T S B IR AN i i
AT RE 71 3(26) B AT 45 1 e K25 A 4E
I A B ARSI — NG R4 4% -
AT

2 ETiEunsReg A B RS R AN EN R 75 3%

W6 12 4 A 55 B Mk I 55 ds B g
i) 71 (22) ) S0 AR A 2 ()RR K, A% 58 55 45 BUKS
B DR A T 325 e DA A2 v T K B 37 S5 RO A 2 TR SR R
Ko A, ASCIR ML S WIS R 21T
Uity S W A4 572 (mobility- and dependency-aware hi-
erarchical proximal policy optimization, MDH-
PPO), K58 % DAG WS 73 i 4 $h 20K ) 5
MR %% 28 P 2 . MDH-PPO 4 41 2 J2 AR 45
AR B AH RN 0 IN R R AR 2 RGP %
DAG AT RS AT SR 58 16 O, M it 46 1 1E
A, LS TE IR TN R R 4 iy o)
WSS RS A RFEA M ERIRE . W5
S R S AR ATIRES SRIT R AN T
SR I 5 HAAT IR S5 45 . MDH-PPO 534244 4
B3 B
21 SRARARRIIE

R sh A R R N R R RS R,
A B2 (B A2 5 R E LN o RS
MR ERE . ARSFIAT . IRS5 E B B AL 1
RENEILFR RE, AR LR PPO I 1T 3 5

1) RA 0 o PSR 21 ¢ (1 RGUIRAS L 5k
SRR PIERAE Rl B TS RS RHRER
AHR, B

s, = (sf”,si"”,si‘“k,sfep)#(27)

Horp, g8 3R A AR L 2R 55 25 10 o] R 5 5%
Ui RS A TR R R 5 RS AR
LEUTALE . B ATHE AR 2w B R R 55 A
TR R, FESRSOFEITHELERE. WA
B BE R R A A R T SR R AR
HGCIR 25 6458 AT O 58 U 0 L 1T IR 45 SR BT E IR 5%
2Ry MO B AN O e AT S M A E

2) FEAE 1A DAG $h 41 I FE AR PR 5 57 9 58
FRCR AT T8 2 A 4 AT 55, AL R S 21 ¢ gk
AT S G 0 (1), BRE SRR L5
B HAAT 55 28 AL -

a,=(k,m,).T,, € Q"““*(1),m, e M#(28)

NEARH A ENE SRR ERE, HEE K

W 3 iR A AT 55 14 45 SR W RV IR 5% 2% 126 R RS
my(als,) = my'(kfs,)agl(mlk,.s,)#(29)

Ho, ot T W4 8E & Pk A R TR
mt T L PAT RS 48, 0 = {0,,0,} 9 Actor
KB

3) Bh R A, RIS 5] B bR 5 R (22) 1k
HFRRFE—3, SR 2 nT #3151 i 8 — it
JE3 B R BEFERY S A BV E 2250 -

AT, AE,
rt—-lzmy-(l-l)lyd#(30)

Lo, AT, RIAE, 53 SI20R 2 518 51 A2 52
RIS S 3 BRI B, TR EYT 4 B N SE A



XX

WIS R G BBk I 201 W R B2 5 A 95 s S 3R 7 -7

REFERIA— LS H(E.
2.2 BEEThEHERD

TR ) 4% B2 2B ¥ BV AT BEAS i /2 DAG #4
AT B 45 3 IR A R . R T BEE S E(km),
SCATAT PR RS A -

glkm)=1[F,(1)>0] T] E{R( ):>o]#(3n
Z(pay™

IR KW AT S5 e it e« ik IS5 4 72
o HA AT TSR DL R e B AT IR A R ae S AL i =
IR S5 2% o AT AL KR URREAN IR 2840 H
REFL AT IR AR 25 2% o P Z RS IR RS SRR «

gt(k,m)ng(k,mbt)
Zm,EMg,(k',m') n(,(k’,mkt)
b, BAFATEIIER MR E N 0, xR R shE
HEFH . AR ATEE, W2 %R
fE, HERS S
2.3 REEEH

MDH-PPO X ] Actor-Critic £5 1, Actor % tH
65 )5 1 B & B 2 Af . Critic ff THIR 2 M 8
V,(s,)e FRES SEKIALR R, T T

2:(0) R IH H G ML L -

X,(a) _ ~7%6)(at|sl)
o, 405
KT SCARBAG T T 5 R 2 2 1 2 A B
EEE

7y kmls,) = #(32)

nm

#(33)

é,=r, + wa(s,H) - V(p(s,),#(34)
L-1

A,= z(ye)lé(tﬂ)#(%)

=0
Hofr, oy i T, )T ARBAETSEL LA
KAEPUEKE . Actor AL ET H AR R ECN :
L(0) = Et[min(X,(G)A,,clzp(xt(ﬁ),l +
a)/i[)]#(%)
Critic FIHMEA Ky«

L'(p) = E{(V(ﬂ(st) - Vf“")z}#(37)

LR RIS H AR MEBUR KIS, Actor A1
Critic W 2% 2 408 1 358 2% oR B BT, P28 451 2K o 2L
RIRN:

L(0,p)=-L(0) + ¢,L"(p) - ¢, H (7,)#(38)
Hob, o WEITRE, v NEWRER, H(7,) NE
WEHE, ¢\ R ey 23 9 B A5 2R R G T A R 4L
24 EHERTE

MDH-PPO G, 4 £ £& Il 25 F 7E 28 ok 56 7 A~ B
Bro BRI BRI A B AR A £ 8. AT
% B B AT AN IR 55 2% O AR, 4R DAG
AT IR G RIIE L FATL 556, IRl RFEE A #
o ¥ Hr Actor Fl Critic 8. 1E 28 R SR B [E 52
TS HL, F R RS 24548 R A iR 58 % DAG fi ik
WILRE, A o B it e SE L RIS R AR R O i
115 B i 75 %€ . MDH-PPO I 25 % 75 £k #0
WM W EIL 1R,

E3A1 MDH-PPO VI 5 S A5 2R EN AN AR TS

BN EEEAP. REBRES M. ERE
WE. BUBKE L& PPOHESEL

S A K EEGR 7 )

BRI B

1) 4G 4K Actors Critic & =y il 2k % 10 1T &
7

s

2) RN IR S WA T A E . IR 55 o
BAFI. HEERIRAS T DAG HUTIRE :

3) for e=1:1:F

4) WA F 2B AT RS BB IE I 5% 4 A 4 e
LARHUIRES, TR SRR T BT AL s 5

5) $h 1 FE JZ AR 35 DAG 117 9% 58 BOCIR A5 44 18 5t
TS EE 0 (1);

6) H 44 3(28) A 3 (29) 1 VRl 5 5 TR FE TR 5%
MBI PAT IR 2%, AR & S EHEED 5 BR AN
JEMAGA PR LA B

7) Actor "L IR G ENMEMES, M1 AT AT PEHEDD,
HMNFATBE AT Kb a,;

8) AT ENE N AE, BTS2 BAFI . MO
P4 B R DAG 5E BUR A 5

9) M HE RGBTSRV 225, FHAFAE RS
ﬁzi‘izli(st,at,r,,st+ 1);

10) HHTEI A4 HRE, k#ER33)ZEA(38) T
RF e, BBTHRNE H AR KA E R, TR Ac-
tor Fl Critic W 2% Z £, IR A7 50 1UE 1% 5 5 O 1) SR &
ZH

11) end for



8 EofE % M XX
TELR N B T T
12) NEIZE )G RS 50 0%, IR 41141 FE (946 4 4R ot sz

F. MREES. IBEHER X DAG HUTIRE
13) SREUAR 55 2% W% 95 A8 1 J SE i B ZE RS 15 X
B AR RQI M RIS s, B
14) [ € M2 2%, @it = (28) M= (29) 4 il 7 |
JZEVEBIE, R B B A R 4 AT AT BT R I
%4 Ty
15) PATEESIE I H DAG K RG0IRE . &MTMU
&
Actor il Critic 11 2 3B 43 B PRI PLo M;‘;m

TSN O, MEB/EIM, FERELNFE
RIFPAT KR EH, WHRBINGERELN
O(KL(P,+ P.)+ LOM ), {EZ PRI I EL
NO(P,+ OM )o BE&BHVERERD (AR B 3 AR5
BRIRLIR BN E, v BTSSR KA L 3

3 MEXBSSH

3.1 LW ESILLEE

J9EHIE MDH-PPO T =y 35 85 1 A0 6t 2% 1 AT 25 )
WP A S, SR Python 14 #4142 —1h 4
MR 55 25 B R VT 505 BF & . SR % ST #ER [6]0S-
DaR23 4l 4 71 1) 476 A R ) A5 Wi AR i a% 252 1k R
TR, FEARHEE T3 o 2 i B g 3 XU X} )3 4T
M. BRHVELERT— W R ERUE £ —1EK, BA
B BIAL S, TBASHACR A 3 40 A E B AL
FhF ST IE AT FEHCE351H

TR 55 Mk 48 SCHR[ 7142 H AR BIL S 0 ik
Rl R H AR AR A, BB RIS I, 1
T8 X35 /7 5 B BEOGBIX o #] BOLHEIE A=
AR BRI H b RS A AN 4 SR S AN R AR AT
%W, DAGZER UK 4 Fis. OSDaR23 X H T
AL R R WA B, AEHIZR
HEREEIIMLS . FEGESH IR 2.

WE DUR 3Rt Ak

1) DTOSC: &4k SCHR[ 16142 H B FIT 55
GRS EATTIETI, REARSEF (T5K
M, THERIEAEIE SRR R R, SR A
DAG 451

2) DeTTO: {48 SCHR[ 17152 H 1 Al {5 R 55
E ARSI, ARYEAORUR P T R AT BT
T 58 B 1A) 2847 55 1 52 AT IR 4528

4 NSO KR A R BB IIAE S5

E) HES%
S =) HilE
DLNR S5 e A PR d 10 km
ToERM w5 1% R 5.1 km
ERTIES f 2.1 GHz
I T AL Ky v w 20 MHz
OFDM £f5 I & T 33.33 us
AR FEIR AL € 3
S pliES P, 200 mW
R R RS o, -94 dBm
LIRSS M 16
PR N 5-25
B 25 v 100 - 350 km-h*
LIRSS AT S BHE F, 10-30 GHz
CPU J& % K 100 cycle-bit

3) QNRLO: & #5 SCHR[23] 42 H 1) v 2 i R 5
SRR ST P BCEN BT VRS, R — IR
PR 28 A A I SR, R A PR N A SRL AR ik

it 3 VBT 5 A ORI BN RS N A DAG T R
RO e 30 25 A 55 A 3 H%

PEAN i A 0 455 7 22 iy 1) o B 28 FN R G 1H A
B, T35 o B v I GE N EAR L BE IR S5 AT FS
HEBA TR IS AN G R AT S Ak, B
Hs: RGHEBER T CNAMDAGIHHHE TIEES
R TERRITIE 2 Lk, #A7N Geyele's™s
3.2 SR

K] 5 45 H 7 MDH-PPO VIl £33t 72 H 1y LA 55



XX

AR i Je e 10 [l A3 sV 2ME . IIZRATIY], S
EENAD Sk 1S D v ek N i [
HERE, W BhF B2 AE R 100 8] N R 8RR IZ
HTUSCS, 5 200 (A1 G 3RS R LSS UE SR, R SR
DLW PEREIRME . S5 AURIT, RO HIS E R R
WS HARRE, A SR> T AR AT E
KAE, WD ORIF B I ZRAasE 1k

—0.57 T T T T T
—0.58 |
0.59
0.60 -

0.6l

THA2 I

0621

063 | _f g

—0.64 P FL[E] £ 32 H

—o— 10 [l & 3h T4

~0.65 | . : I I i

0 50 100 150 200 250 300
ki gk

5 MDH-PPO VI ZR5 i BEA AR E A2k

3.3 AEMEHET RS EEEST

Bl 6 FIE 7 7350 45 T F ZE BRI ) R 4
THE R AN v B 28 . B E4 R i S A 2
25 B, HEIEMIEIES BT THEACRS TR,
F I R SR IG IR T 4 8 A il St SRR
T4, fE25 5135 K, MDH-PPO [ F 34 I} 4k Ay
1.281's, # DeTTO [#] 1.605 s F#1K 20.19%; HREiit
R ON 4124 Geyclers!, % DeTTO ] 3.294
Geycle s $2 # 25.18%. MDH-PPO Bt & | Fi IR 55
AR AT SRS AR5 B, T s 3R
A NIRRT RS A TR, At RRAR BB I R A
ST N
34 AEVTEZETRG MRS

B8 FIEL 9 73 Jill 45 T B R 55 38 1H S B IR AR A
I ) R e SR AT 3 i B o I A8 o THE B IR B
10 GHz 14 %2 30 GHz I, & S0 (R I 48 47 2 [
R ERZ LR MDH-PPO [ F ¥ i 4t
1.026 s & % 0774 s, R 4 it 5 A K H 5.189
Geycle-s' 142 6.893 Geycles™'. & /y4k 448 N s ,
I E T FRIRE LR, RN bfe . T Rgs R
AEAT A AT BB W o R . £ 30 GHz
% F, MDH-PPO #; DeTTO [¥] *F- ¥ i} %E f& 1%

HASR A Rk G 5 B R T 5537 5 AT 55 MURR A S 47 v -9
T I 1 I T
8 —e— MDH-PPO —2— DeTTO g
-0-- DTOSC = QNRLO

-~ TF -

S

o

&

o

P

4

LS e
Ko REuitHMERMI AR AR

—e— MDH-PPO —2&— DeTTO

gzl -o-- DTOSC =0~ QNRLO )
w ---0
i __u-""-

Z 20 - 8
5 T

i e

= o7 P
& .- -~ B e Dt e -
q_ 1.5 - ‘.ﬁ

5 10 15 20 25
LIES e ]|
P 7 SPab B o I A 8] 4 O AR AL

3.26%, R F AR 3.46%, Ut B RN
Wi 5 B A R A EAS [R5 L B T S RE AR R AR
SEUR RS -

T T T I T
- —e— MDH-PPO  —&— DeTTO i
' -0-- DTOSC < QNRLO
W 7.0
£
>
S 65
3
g 6.0
=
ﬁ 55
5.0
10 15 20 25 30
HUIR 55 3 LV IR /GHz

K8 RGBS S SRR AR (L



<10+ o XX B
! ! X ; I ] ] ] ] T T
12 F —¢— MDH-PPO  —4— DeTTO . 034 —e— MDH-PPO  —&— DeTTO i
=-- DTOSC e QNRLO -0O-- DTOSC e 10 QNRLO
092 - &
& 1 o
a1 N
% LT o-----" = Z PRSI
&/ 10 % N
= 0.88 - .
g g = —amm T
™ 0. e e
03 06 fa =TT 1
0.8 0.84 | r/d.——f—f—*/a 1
) N 100 150 200 250 300 350
R 5% 25 - FLVEIR/GHz T4 S Ry /(e k1)
PO Pty I 48 B R 55 2 vk S R K AR AL P11 PR B0 I S I ) S AR A
3.5 TRIFIFEERE TR MRS ESuk: JRE e o Ik LTF S RV IR=x YN o

Bl 10 FIEL 11 73 50l 25 H 1 0 2551 350 3 52 A% A B
() 2 G5 T 5 % 28 AN 357 vy 380 g I SE o 38 EH 100
km-h'' 34 % 350 km-h' B, 5 SHE B L 2218 1
T HHEACRMN T % MDH-PPO [ 4 1) %E H
0.832 s 14 %2 0.848 s, IGIE N 1.95%, HRGuitHHZE
HH 6.407 Geycle-s™ f¥ & 6.283 Geycle-s™, [£1E A
1.93%. 23 8T H0 R0 R 25 X 45k 1) 4 o 3o 5 4 v
Wag, HILTE SR AE ) 7 FOBUIG, DR AR
XA TERE S A R . 75350 km-h R R,
MDH-PPO #; DeTTO 1P 4 I 4E 51K 3.31%, R4t
TR R 3.51%, RIUH BT s E R 5
i

T T T T T T
6.6 I —e— MDH-PPO  —&— DeTTO .
] -0-- DTOSC < QNRLO i
b 64l -
>
63 i
§ 62| -
= I e R o
6l e —a. .
ﬁ —
L D G _
9 [ f o v o o R TP >
5 7 TTTDEeseeal O=m—mee N
Tremmee o o
1 1 1 1 1 1
100 150 200 250 300 350
B4 Ky (km-h ')
10 RGET SR B 5 4R 1) 7R Ak
s
4 ZERIE

AR SCHIE T v Ak i 2 A% IS DAG E 55 fE 3L 55

f&. BEIRSZER . HED AT SO FE B 1E—fg

PR, I3 MDH-PPO 59% . 1% 5092 FBE AR
BRIALG R WG KA DAG PAT#EFE,
AR — RS 2R A B E R (R LS T AT, JF
K PPO SL LB AS SR MG BE . i HL45 SRR W, 7
255 i #m 5t K, MDH-PPO % DeTTO 1113
i B I I AE PR AR 20.19%, REFH B ERE S
25.18%; TENRSS 48 H I MBI ERERUIGFH T,
ZHEEBIR R TR S . RS G I En

PREREERE M AL G -6, PR EELE
BEW NS RRATS A N HIYERE.

SE MK -

[1] &5, TR, %, % JUEE Y 55— RERE ARG
[J]. HLAEHA 50, 2024(1): 1-10.

Qin Y, Ding A, Wang B, et al. Research on the new generation frame-
work of PHM systems for railway trains[J]. Electric Drive for Locomo-
tives, 2024(1): 1-10.

[2] Li X H, Zhu M H, Zhang B Y, et al. A review of artificial intelligence
applications in high-speed railway systems[J]. High-speed Railway,
2024, 2(1): 11-16.

(3] Jels, EE, ARE, 55 BB A0 4 B0 REAL N BRI R R 22 )]
B HAES), 2024(1): 11-21.

Long T, Wang Y Y, Lin J, et al. Development and prospects of intelli-
gent technology in rail transit vehicles[J]. Electric Drive for Locomo-
tives, 2024(1): 11-21.

[4] K71, SBRUR, Bz, &6 WS REEHIE S B P N - BT St S R 2

[0]. T 515 B 2E3), 2023, 45(4): 1514-1528.
Zhu L, Gong T'Y, Liang H, et al. Application of edge intelligence in rail
transit: Prospects and future outlook[J]. Journal of Electronics & Infor-
mation Technology, 2023, 45(4): 1514-1528.

(5] rtit, sKOEUR, AR R R RENL G R SR T S i 2 e N R



5 XX WIS R G BBk I 201 W R B2 5 A 95 s S 3R 7 <11~

[9]. HLZE Hif% 50, 2025(2): 1-14.

Shang J, Zhang H'Y, Li C. Research on the development of embodied in-
telligence robots and their prospects for applications in rail transit[J].
Electric Drive for Locomotives, 2025(2): 1-14.

Tagiew R, K&ppel M, Schwalbe K, et al. OSDaR23: Open sensor data
for rail 2023[C]//Proceedings of the 2023 8th International Conference
on Robotics and Automation Engineering. Piscataway: IEEE Press,
2023: 270-276.

Wang Z Y, Yu G Z, Wu X K, et al. A camera and LiDAR data fusion
method for railway object detection[J]. IEEE Sensors Journal, 2021, 21
(12): 13442-13454.

WO, AR, A G, A T A M Bk RO B A H bk I

[7]. HLZE HLF£3h, 2022(2): 89-96.

Pan W B, Li C, Yuan X W, et al. Research on lidar target detection for
metro scene[J]. Electric Drive for Locomotives, 2022(2): 89-96.

He R S, Ai B, Zhong Z D, et al. 5G for railways: Next generation rail-

[6

—_

17

—

8

—

[9

—

way dedicated communications[J]. IEEE Communications Magazine,
2022, 60(12): 130-136.

[10] X, BRR, 1A, & . 480 Gt S 55 S0 3R IR 55 2 A7 X B
BREMRALLI]. JBIE 54, 2021, 42(1): 18-26.

Liu L, Chen C, Feng J, et al. Joint intelligent optimization of task
offloading and service caching for vehicular edge computing[J]. Jour-
nal on Communications, 2021, 42(1): 18-26.

[11] 27516, s, £70 . FER 3T MEC 1 V2X 1 [F) 2247 Fil 5t
PEAIBC[T]. 1S 223, 2021, 42(2): 26-36.

Li F W, Zhang H B, Wang Z X. V2X collaborative caching and re-
source allocation in MEC-based IoV[J]. Journal on Communications,
2021, 42(2): 26-36.

[12] XuJY, Wei Z C, Lyu Z W, et al. Throughput maximization of offload-
ing tasks in multi-access edge computing networks for high-speed rail-
ways[J]. IEEE Transactions on Vehicular Technology, 2021, 70(9):
9525-9539.

[13] HuJ T, Cao Y, An Y T, et al. Dynamic task offloading and migration al-

gorithms for rail transit based on mobility prediction[J]. IEEE Transac-

tions on Vehicular Technology, 2026, 75(3): 4810-4823.

LR, M, B &5 5T SOt R & 8L S i RN AL 55

ENEMERT TT)]. AR AR, 2022, 43(10): 77-85.

Cong Y L, Sun W X, Xue K, et al. Research on task offloading strategy

[14

of Internet of vehicles based on improved hybrid genetic algorithm[J].
Journal on Communications, 2022, 43(10): 77-85.

P, 45 RV, ISR, 3R, 2R %%iﬂj;fé’ﬁﬁ'ﬁrlﬂ%?@iﬂ?ﬁﬂﬁ%
JEE i Ak 2 3T 1K) S 2R AT 55 0 B SRS (D). JE £ 2 4, 2024, 4503):
244-257.

Chen Z, Cao M T, Zhou Z Y, et al. Graph-to-sequence deep reinforce-

[1s

ment learning based complex task deployment strategy in MEC[J].
Journal on Communications, 2024, 45(3): 244-257.

Shen Q Q, Hu B J, Xia E J. Dependency-aware task offloading and ser-
vice caching in vehicular edge computing[J]. IEEE Transactions on Ve-
hicular Technology, 2022, 71(12): 13182-13197.

[17] Dass P, Misra S. DeTTO: Dependency-aware trustworthy task offload-

[16

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

ing in vehicular IoT[J]. IEEE Transactions on Intelligent Transporta-
tion Systems, 2022, 23(12): 24369-24378.

Chen X C, Cao J N, Sahni Y, et al. Mobility-aware dependent task
offloading in edge computing: A digital twin-assisted reinforcement
learning approach[J]. IEEE Transactions on Mobile Computing, 2025,
24(4): 2979-2994.

He X, Pang S C, Gui HY, et al. Online offloading and mobility aware-
ness of DAG tasks for vehicle edge computing[J]. IEEE Transactions
on Network and Service Management, 2025, 22(1): 675-690.

Wang J, Hu J, Min G Y, et al. Dependent task offloading for edge com-
puting based on deep reinforcement learning[J]. IEEE Transactions on
Computers, 2022, 71(10): 2449-2461.

Chen X C, Cao J N, Sahni Y, et al. Dynamic task offloading in edge
computing based on dependency-aware reinforcement learning[J].
IEEE Transactions on Cloud Computing, 2024, 12(2): 594-608.

Cao Z Q, Deng X H, Yue S, et al. Dependent task offloading in edge
computing using GNN and deep reinforcement learning[J]. IEEE Inter-
net of Things Journal, 2024, 11(12): 21632-21646.

B IR, R, TR, A5 AR T AR R R R A 2 ) A ARk
WS BB TE)]. JEAE F4%, 2024, 45(5): 90-100.

Zhang J W, Lu Z T, Zhang Q H, et al. Research on deep reinforcement
learning in Internet of vehicles edge computing based on Quasi-
Newton method[J]. Journal on Communications, 2024, 45(5): 90-100.
Gholipour N, Dias de Assuncao M, Agarwal P, et al. TPTO: A
Transformer-PPO based task offloading solution for edge computing
environments[C]//Proceedings of the 2023 IEEE 29th International
Conference on Parallel and Distributed Systems. Piscataway: IEEE
Press, 2023: 1115-1122.

PR BT = 5 5 R R A R PUE S8 7 AT NI T ().
HLA HAE S, 2024(3): 146-155.

He J. Pedestrian detection method in rail transit scenes based on fusion
of 3D point clouds and images[J]. Electric Drive for Locomotives,
2024(3): 146-155.

Qiao Y'Y, Niu Y, Chen S, et al. Energy efficiency optimization of ultra-
reliable low-latency communication for high-speed rail[J]. IEEE Trans-
actions on Vehicular Technology, 2024, 73(11): 16638-16653.

=X (2000- ), B, LpEF
N AEFASE K E A, B
FIT RN BB R ml Rk T 45
IS

BIR (1982- O, J, WMEIFEH A,
M, bETERFHE. HEES
Wi, FEEEFF T OB BT R
R



