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Abstract: To address the high-frequency heterogeneous computing task requirements generated by IoT devices, an un-
manned aerial vehicle (UAV) communication network and task offloading system based on diffusion reinforcement learn-
ing (DiffRL) was proposed. There were three main innovations. (1) A diffusion reinforcement learning offloading decision
framework that reduced sampling steps from 50 to 15 steps through denoising diffusion implicit model (DDIM) sampling
technology, accelerating the sampling process by 70% while maintaining 98% of decision quality. (2) An energy-oriented
UAV trajectory planning algorithm that reduced total system energy consumption by 15.3%. (3)Achieving tight coupling
between DiffRL decision-making and trajectory planning to solve multi-objective optimization problems in dynamic envi-
ronments. Experiments show that this system achieves reductions in both energy consumption and task delay compared to
traditional methods, reducing task delay by 30.2% and 9.2% respectively when compared to traditional deep Q-network
(DQN) and deep deterministic policy gradient algorithms (DDPG) in task offloading decisions.

Key words: UAV communication network, diffusion reinforcement learning, mobile edge computing, task offloading decision

0 3= (MEC, mobile edge computing) i A #7373 15
- HI TR KEEA . TEAN (UAV, unmanned
bl & VDB X R P kR, B shil gt A aerial vehicle) 1ENMEC 15 s, K R iGPERfE
WimEER: 2025-08-26; fEEIHER: 2026-05-18
BIEEE: kK, ztian.zhang@mail.zjgsu.edu.cn

HEWH: EEARPEEETEIH (No. 62301488, No. W2421086)
Foundation Items: The National Natural Science Foundation of China (No. 62301488, No. W2421086)




. 166 * o W

¥k

10 %

B Va B ey . Zeng ZHEIWF LR, AT
BRI A AT DL 35 52 5 UAV @[5 I RE IR 2% . 4R
1M, UAV M2 [ Iln 5 BEJE 32 PR . A5 I 5) 838
SRR, XTS5 E AR R SRR B = 2K . Zhou
SEPHEWE T UAV L IR S G it 5 R G
SEM TR AR R AU HESE, R E SR
B RE BB R A 3 30 SE PR R RAFAE B 2
Fif .

ARk, TR LSR5 2 AE UAV 28 il FIAT 5% )
LR R B /. Mnih PR H IR Q
0 2 75 B BB A 2 1B) AT T R R D, (EAE &b
i A BORS IS A, A7) 18I I R R
. USSR B2 45 v L. Schulman %54 H (¥ 1T 3
HmEA AL (PPO, proximal policy optimization) 5.y%
R G NEARIRA R = VIR E T, EAER
BNASTEE A AT e LRI SRS (1) — E0rE . Bt A [A]
LR K A= il RE AR 8 BRI i R AE B A L AE
SUSIAT A . Janner VBT FUR B, & HOSE A
FEESHERAE S P R A, AR okl
TIENAT O E AR TR B o FE TR ) A R —
A R 28 1 B 2R SR A e s, ALERBN IR 7 V2,
R ) e VR P BERAY 5 21 5 4 OB Y 45 4 1E BN RS
SWIWA KR, LU 2 H e /¢ g K.
Hansen-Estruch 57HIE B4 HUR IS 72 B 4 il o 2] vh
T ARG HNE . DuE 3BS85 R B s ik 5 =)
WREZRN S, R EY BUE R -PIR R L, il
A BUSEAY AR B B ST R, e TR
tk. %% > (DiffRL, diffusion reinforcement learning)
B E R A R AR . bR R, A
SCHR H — P T DIffRL ) UAV Il {5 9 2% 15 4T 55 )
ARG, WL R DIffRL AE LR 58 & S H) 4
FRRNGE, S e RO 55 AL B BE UK «

(D WHHE s SPk

W 5 P I X B % B PO I G, UAV AR R 30
AL ST AR A W 2% b R 5 3 BOR B AR
Mo #R1M, UAVIE{EMZ RS 2 Bkl H55k,
UAV B H RIS B E,, AT HEETIF,,, X
e R T RS A R s IR, UAV
5 3l T V2 6 18] (93815 5 08 B & A (¢ ) BE IS TR) AR B
A, XN T MRSk, UAV K
ITHRESEEERNSISZH, FEESEHS
T3 LA N SN B AE T oK R, AR5 E

B R T B[R I AU BERE E s I IE Ty, AIEE 5T
B Qoo o 2 HAR, XA U SR AR AL AR 15 4 A
Mo AR GUHH B T SR DLIE B0 T A ) B A
5i, MifEgiiR Rk > (W DQN. DDPG) fE
UAV AE 55 B8 h I = KRR : O 4% S50 1F
THIRR ARG, FEURSCEENS; @M 7 A g
Bife 155, ML 2SI OMEEEH
B N ERESPBh K . DiffRL 84 o /R v oA
BOS R, A Y HE AR A (DDIMD FHES
AR 7, SCELN 4 S AN AE A5 (Rl RS
KFE, WIS RIS E AR e

YRS T EOB A B R R T % B A AT
S I H B OR B AR RE 7T, (R TV RIS
FEfFSRE, £FEUAV mER) GG E
I AR K B K UAV 845 28 A% O 2. (RItE,
WHR[PEAT PR P2 YR 29 BT S e A 25 b 3R B R
Ak, R 2 mRE 7 I B R
(2) Bl s

BUA I BB TR K 2% FE UAV {5 I8 AR R, A
CHEH —Fh 3T DIffRL (1) UAV @15 W 4% 54T 4% )
WARG . ALAPHET LT H A

D% DDIM KA S5 By Bt f2 45 &, 3
BIENAFIEA L, FIH Song ZEHR H i X M B &
XM AESHO B RE S, SN = 4E 2L 5)
V23 () (RS A A . K5 DDIM SRAE 53845 R 9 ik
WG, RENEER, FRAEPEM 5048
W15, FELREF 98% Yo o i & 1 [R] I, S
T 2170% HIRFEIIE -

@3 T Wu S H B G BU2E FEAS BTt 7
%, Wk T MRS T R A i 2 A BR YR VH R 1
AR TT % . SZ P DIffRL ¥ 5 5 e B 5 R HLd 1
Bea i, RuFSIARE, @i EE RS A
B, S UAV BEVE 3R 5 ik 55 it &2 1 3h 451
o ZEIETERRR R RERE 15.3% M FIRT, (R¥F
TAES b EEYERE . MENHHBIEOR, 5% Liu 557
Z R UAV B AE g M UME TR R 7%, 12
H— PR T BRI AN 2 UAV Hh il R0, R
RARE T, F— P H0R R EEIAMERE

1 HxIfE

1.1 UAVE{EM%
1E UAV B (5 M 28450, 5 3WI0F 7 B 4E R AE



55231 KT RAE . T T ERAL A ] UAV B8R-S [ Pl 5 Wk i 55 s & ALtk + 167 ¢

FLUAV 5t NPT )5 73 BC . Zhang 551
Pe —Fh T IO 2R i Hh I 1) 3D BRI UV, T8
ok 25 R E A R A (A A R AT LB A4k . Liu
SRR ST T 2 UAV A W45 (1358 5 A s g i
W, AR — AR TR A ST IR 77 . Khan
GMISUE T 2 B ANUYMETEE S 5 TR e it
LS . BRI, IX T B T A e AR
b, HELURLXT B A8

Zheng S5 b BB 1K) UAV = 4 S A8 302
Jiid, UEBH TAN TR AE o b ) 2R BT T R R B AT
PR =GO E, NS E UAV & 2
BE TR LRIE . SR, A 5 IR DAYE BEVR LR
SIHEZNENE L Z Hbrh R N L m s &, 18
SER B YR 20 il 37 s R AT A A Je PR A
1.2 (ESEERE

{E5 B F R MEC RGH R . Chen
SN — PR T AT 1) UAV 38 SR g, JE I
BN RAL NI A 7 7 SR KAMA RS & . Liu 55
WEFL T UAV BERIE I 1) 8, 48 b — P i T R R o
b2 3110 75 3 ok SEBLA BRI A P (138 15 7 -
Haarnoja S5 42 H IR 80 01— 1718 X B i 445
] 1) RS T AR SRS . SR AE 6G IR RE W
R % P e, AR G0 7 vEAT TH I 3h 7S B R 2 I
R 2 B AR R PR A SCHE H Y Dif-
fRL HEZE AN RE 6% A0 2R i 4 E S s AE = 1), i@
DDIM RAEFAR R ZE w7 R
1.3 ¥HEUERE5®EKES)

P BUS R E A — PP A SR, IR RAE 2 AN
HES T B3 E . Sohl-Dickstein 250 YR Hi I
TP A R SO RIAE SR, 8 SCHT [A) e i
S ) E 1) B R Al RIS AR, NS4 DDPM. DDIM
SR A B E D B AR S . Ho 2520 IR Y 2 g
P HOHE R A (DDPM), S 338 5 U8 i A% 4 v
W s ok A Bl R AR . TESRALAE I 40K, Wang
PR R TR BB 5 SRR AR AR 2 & 1 T,
Peth — TP HUR g 2 ST HESE, RERE A AN B
HELLAE R E AR R . DuSEPIR N 5
M T BB B AE G AE TR AT AT 55 1 B A P 25 A
) R R AR R S, RN 2 DIffRL dE i 45 &
AR I SR, RERTT T YRS ER
(i) P ) SR IR RE /7o IR BB B 50 N AR SCHE H 11 Dif-
fRL HEZLBE 5 | S B H R L ml . A& g ik % >)

JHEM, T BUS ALK 7 vk RE 6% T8 - Hh i 3 3h
VE A I 2 AR 1, il I e R S AR e
1 SR A o

g LRIk, BUA T B COIE B Y BOs A £ A
BT SR8 ), R AL T AR B AE LS,
A ARIRARR AR = Z IR RS E R
H 7 Rtk 2 B b UAV Gl 15 R 245 AT 55 50 2 o
FH M RARNA S . AR BLEHITE T K DiffRL
B R e 0 PR RN TR € 3 5, B DIiffRL A= fik
{10 v o R R S RE T R PO LR A AT
MEBA AL, JRR I A FE DDIM INECRAE . J8(E
SR iU R S B B 5

2 RGRE

2.1 RGEEWN

KRG 3 EMAELER: P (10T, In-
ternet of things) ¥ & 2. UAV iU & it 5l (5 2 M
BETHEE. loT®&ERITHFALSE, wEEAR
AT EERE UAVEEIE S TR . REMAILE bR
LR A/ MU BERE . 35 I I8 A 55 AL A1)
UAV Il{E N 28 SRS EE R G MIME 1 iR, &
G0 [1)3E A5 BB T 4 e B R R PR RS,
HERR T UAV Z A PR S S RS IR, SCFF oy
A PRSI TR R B, B B B R AT 55 i 1 |
T, T IEEARE UAV REIRAS . 128
M I 2 2 IR B DAL A FR R 3 04T 55 Ak 3 S s
LT AL ATEERDEAE RS

e = XA

\ **\ L i 4k
a4 #*i B Vo T

1 UAVIE(5E M2 5L 5 H 3R G40

,,,,,,,,,

ASCHIPEAE H AR R REYR
T, w/MEIELH 5 ek £

A ZE A AS i & 24



.« 168 - o W

¥k

10 %

Irlnln &WlEtotal + WZTtotal - W3Qcomm

st. &FE . < ELa
&Ttmal < Tdeadline

&0 o = Ouuin )

H, wis w, Fw, WBRE R, T NMES L
B IE], Qo A EARIEAE R ER
22 FAHBEMEIRE

AL S A FR T R IRIE R (CPU/GPUD [
25, BARRIL AT S THE A FE AR K %
FEE. BN IR UAV B EMS% RS,
XA =[0,X]x[0,Y], XIKHNDaPMoT .
UAV i I B RN N p, = (x,y,2,) Hz N AT
= . UAV [FEE R 3 2 i KIEE v, (518
B BAMIBERE LR E,,,, PR
2.2.1 BEAZHEARAR

UAV 55 1l T 15 % 5] 19 368 45 SR FH v 307 S oA 24
AT, (FIEM A, TTRRN

hi,= exp( - ;( (;;Sti’d ) ) (2)

Horr, dist,, N UAV i 5 % % d 2 8] [f) RK IG R 55,
R NIBEESVE . UAFAERRRGHINT, (SiEE
S
h% = h., 'H,{Eo’lk (3)
Her, ONESYWES, n, [0, 11N kS
ZED R ESEPR RS, Wy, = 0.5 KRE
TS % 50% ()15 5 T2 o
BT I EEMR, UAV i 5% % d 2 18 §iEE
KEC, RRN
P:h,
N, )
Hrp, BREEWR, PNRKIIE, NN
B, L NTHIIE, kA HA UAV 1) [F 50
T4
222 HBEEIHARAEA
UAV I REETHFER AL 455>
Ea = Eroer T Enovement T Eatinge T Ecomm %)
Hp, Ene NEIFREFE, Eppenen N BNREFE,
Eyiuee N TERCRERE, E,.. NIBEHERE. RS
P, X &R REREEAT IR B . BAERERE S
A5 I TE] O B 2R &R
Ervee = Prover't (6)
o, P NUAV B4R, @bk &R

C..=B1b1+

hover

hover

85 W, t R IFERT (A,
UAV % 3l BEFE 53 FEF 7 L IE L
E ovement = Proove VM pec @)
Hep, P HNBEIERE, v AUAV ATHE,
Nopecs I JE R T, RN AN A E T (16821
Bk
o P A DG BERE S WL T v B R R RE R 5 )
Euinse = Eu (0 75 = 1) ®)
He, o, NEERHAR, 2N VITHEE. FEH
SERERE L T i FE X UAV RERE RIS, oy 3 A 4
10 m, FEFEXE NN @, £ -
TS REFEE o TG TR g0 JBEIT K £, A
NGRS ESTIY EES
E oo = 24 p Pirans Leomm™ [ (4a) Neoora ©)
H, D NUAV RS IREES, P NBEE
BINZE, e NIBEI G, f(g,) NIBAE R EZIE
T e NIMIRER R, FRIRZE UAV Hrif F
REFERIREM .
HE R g, E XN

q,= min{l, g[’d} (10)

Hr, ¢,  NUAVIHE&dZ MFSEbrdEas G
f: Mbit/s), C,, Nl il 15E 75 3K 1 B AR & B E
CRA7: Mbit/s). IEEREEERT S (¢,) = 1/giRR
BE RS, PRI ) 2R B 75 () BEAE R = o
223 FihbEAER
Z UAV R4, [R5 00 8 5 5 2 11
KRR . UAV /X UAV i R 55 115 4% d i e T
MU RRA
Liia=Prh oy (finf) (11)
He, PNRSINZE, b, NUAVj5E&%d2Z I
BIEME, y(f, /)R ESKHT. 2 UAV M
UAV j AR FSR S o (f, ) = 1, H] EscHi
W w (f, /) =0, #B7rHESEEL0~1 2 A1 .
BB UR 7 MY 11| S < T o £ 7 B s Lo U LT
B, Tk
Li=> 0 (12)
Hor, 1, RN dERICEIR B BT A HAl UAV
P THThE. B AL, 248 fEH/Muix
—RTHE, REEERE.



55231 KT RAE . T T ERAL A ] UAV B8R-S [ Pl 5 Wk i 55 s & ALtk + 169 ¢

23 {EHIRA
IoT W& £ IMAE S H— PN TCHERR: 1=
(id, d, 2, ¢, pyto)e FoH S id AT 55 HIME—FR T,
HTHERGHBEMEEMS; dNERIZTET
WA RAE, H T eSS R A RRAT 5 B
KN, BALONT-F4 (KB, Bt T HuE Bk,
c MRS HITHRE R, DA IS (MD N,
TR BZAT S5 Fr BRI E OHE; p RaAES
X, K I~ EEEE 2 B R, Ry L B
AN, FTASRERE; 1, R 5 a0
A, T AT 55 b BRI E A ERAY RS PERE
fE45 P47 B in B A M AT . UAV #1047 F1 12
EPAT o AT 55 b HE i B ZE AL 45 A% i o AEFO T S5 B 4iE
T = Tans T Toomp (13)
o, 7 NS RE, T, 8B AL S
HE, Ty NI FLALFIS A
FEATIN 1 5 30 {5 75 i EL A AE %
28
“C. (14)
Horb, A8 RIRMGHAE K/ANNTF95 (KB) il
T e (kbiv), C, ABEEARRE (HL1: Mbit/s).
FERII ZE S5 H R RN IEL, 5BERER .
THRIE 5 H R 2R FE AT B RE T AR

C
Tcomp = f (15)

Hrh, MBS RERE, FOARERTTEAE
TR SRR RIEL, ST REI U L.
1155 AR REAR LS R M REFE AT TR e

T trans

Etotal = Etmns + Ecomp (16)
Hdr, Eoo AAESS AR EBERE, E,. AfEHIRE
E o J9H 5B
P RERE 518 A5 o AN /TR
Etrans = l.elrans.i (17)

d

Hor, JABERKRN, e N RALAE S REFESEHEAE
q, VA R T G R, DA RIESE T
AP T AR R, ARBL TR IR T E
Fe R IR TT 4 -

3 A&
3.1 DiffRL &8

At (R BT EgE. AEL k.
Z HirbEHL IR . gt %3] (W DDPG) [K 2k

W&o AR 055, HMELLSS R 4> Rl . DIiffRL
Wy EO R ME S M 2SR, 46
DDIM KA s ARk, & T E 5

DiffRL #5251 38 o 4] g B 7R 0] I R S 30 A e
FISER ARG RE . 1Zd RS DL D IR

(1) LB T 0 e e AT a6 RS x, € R
WS B P A0 A, AR 2 ) 4 i

Geomm (XX0, ) = N (x5 1(x,h,t),0° () 1) (18)
Heb, x A ZIWIRER IR, h=[h, - h,,] eR""
NEEAREHE, o WM& SEE, b N UAV
B, () NBMEERE, o> () I T Z R, I
R R .

(2) NIRERFAFE, R DDIMAIR, FRAT
HH 50 /03] 154 . DDIM KRS R #om

X, =Ja,, i I;tgg(x') +J l-a,_ ¢(x)
at

(19)
b, x, e ROVt ZIHPIRES &, a, N RPAMES
REL €,() NS HAC I TR R K, 0 R
ZH.
(3) gl 3 brod i KA IR BB )
J(O)=E,_, [V(s)] (20)
He, J(O) NEIFEE, E[ IWEAET, sHR
GRS, p, RS T THPRE AT, Ve (s) HIRE
IR
3.2 REESEHERRIEL
B 53 [A) PR R L O S R
BB e AR AN S, B AL UAV B8 A% B
MMEBEBEEFE. X TR B4, HPF 0 B0y
scfore gd ) = w,distance _score(d) + wg, @
direction_score(d ) — w,-overlap penalty (d )
HAr, wy, we, Mlw, 73 HABEBS VP4 7 1Al PF4 AT EE
BIETIIAE 230, distance_score (d ) NI E 1508

%, direction_score (d ) A 77 V-4 B 4L, overlap_
penalty (d ) NEZET R
PRSP 73R Y v 0 T el 1
. 2
distance score(d) = exp( _ 1L (dlSt ) (22)
2 Rref

Hrp, dist Y UAV 5% & HBRIKREE S, R ASH
e
W FHN T W d, FikitHE— 5109,



« 170 » o W

¥k

10 %

AP E B RER ) o
(1) & UAV M7z s J5 7 5% & 7 i —
BE, SRR N

direction_score(d) = Hcfos(@) (23)
Horbr, 09 UAV 4HTE L [ 2 5 UAV 238 % 1 1)

BRI A
(2) N TG UAV B 7 — X, BE

== 4 [===
HSE

2
P;—Pa H
207

overlap penalty (d) = EH CXp 24)

H, p AHALUAV N E, p, ARENE, of
HBHRESH.

BT ERVEAALS],  REE T m B B BAT DA
5P

(1) ®EUAVHIRALE . EEMEEEIRE,
WA & R MBERS Y B, THEYIMhE(E 7 55
FENEE

(2) BABEE ArH T UAVALE, tHE A
LA B ITESr, ISR IF 0 I H bR s, R4
AE T 2 R AT IR B A R

(3) S RfEReETHFE, HEeEAKTKT RE
E B R ReAE s, A AT S H LR /MEREFE
2F,..
k;j:" } (25)
Horp, v ARG, E. STEIREER, £,
NEEFEREL, 1 NPEAE SIS [A]

(4 5HAbUAV ZHABEEE, THESZKX
WOFE RSy, BhA T o5 V0 DL T T4

(5) SEWf PP EIEE, HRBESYHm, R
RIS TR A B

hw=a@h§9hﬂ%WM)+%H4M} (26)
Hrlr, b, NEAREE, PLABKAERFE, I ARE
RE
3.3 ZUAVIHENLE

NTRAEEARYERE, 2 UAV Pr L] 32 24
FELL N AL

(1) AT R 5235038 UAV [8] (38 (5 T3t 1
W, TR IEE R R, 2 RRN

. N
dm&=:dmx—(dmm-dmm)nnn(l,A,) (27)

ref

vopt = min { Vmax’

Hrp, d o NwaEEE, d, fd,, 555 ek i
INGEARRE, NANY4H UAV H&E, N, HNS% UAV
&,

(2) ARLKF UAV AN A7 80 AS 35 17 B RE IR AN 2
TGO, B kPR B — Y i B e R IR R T BT 55
RIS T, TR TF R G i8R m] S 1 AT YR
HZ, RN TAES R, 2 UAV fad
B REIRAS BB, AT MR W

Q rent chreshold

pforward = max (09 min (15 -

O~ Qg ) @Y
o, Qoo WEAFAE S AIIKE, Qs HIES
BABIRIME, O, AR RAT S BAFIKE
3.4 DiffRL BRI
3.4.0  yEGTAR A A A
7 DIffRL #1, A% S0 5% 1 2% =T o B 1 9 2
PRI, 4 x, AVIEIRA, x, A eI 2R A,
@, =[] _ e NEBRESRE, o =1~ B J9H50
FREL BN S, TR, A
HAE T LR A
q(xf)=N(x; /@ x,(1 -a)l) (29
AT SIE NGRS AL S i

B~ o+ (B = By ST 30

HoHt, B B B 73 BAME S E (K R SR B S, T
I (AP H X AR B 7 SRR ISR AR FE R
AN RS LR BE AT (5 S, 7 S5 ARG g s DASR
3.4.2 DiffRL #9483

DiffRL 4% 0o AR J2 4 SR 27 2 ) U Ak o A=
R AR ) 8, I O R B R A B A
46 GiniAk 22 3] 7 AR EL, DIffRL B BL R S
e

(1) DiffRLAf FH ¥ OIS F2E A S A M E S 30k
WAy Ai, AHLLAR G RL I Sk A, BESE I
it b A7 B2 2 S B A A UR), S I BE ORG A I U SR
il

(2) Y HURFEHLHEIRIR LI T HRE 5 F H 1%
i, W T A5 RL R BT A/ MR R RS I 5
Feth, IR EOD BOR R S I R SR IR
FEYAT

(3) DIFFRL M\ FRAFEAS g R =F & 1) 73 A1
BE, BEFRSAEARFHBE, FlEs mIEZR



55231 KT RAE . T T ERAL A ] UAV B8R-S [ Pl 5 Wk i 55 s & ALtk <171 ¢

11 UAV 35
FEARSC UAV H{E 2% R Girh, DIiffRL SEHL T
FRE N2 BbRRSERAL, ReFI THATREFE. I ZE
LA HIR, SNSRI EE P R It 5
)38 . E T o
3.4.3 BALE bAoA
7E DiffRL AE S v, A SOk S mg A AL ) R X
WA E IR AT KRR FE (MDP, Markov decision pro-
cess)o &S C R NIREZN, BEUAVAIE. A
FREMTEER, A CRAMERN, BETSH
BRI, n Ny 43 A RS 7 6] N B 4 5[] 1) 4
FEo AHBREL V™S — RFIRVPAL RIS n RS s THY
KA, RIS R B S — P(A) Aok R A e gt
FIZNEMAR A, € XIT
Vr(s) = En[zioy’mso = s] 31
Hrb, oy e[0, 119407, F T~ B AT
(145, v, DRI 25, L5 B8 A AT SE iRy InAL AT,
RN
re =W E gy = Wi T (32)
b, w Mw, 23 BN BEREANIN I AL R4, A
Wew, +w, =1,
FEE AL H b5 2 i KA R, R
J(O)=E, , [V(s)] (33)
Hr, p, NSRS TR A, 0 SR M 4%
ZH
3.5 ¥HEURBERERGHNIEEREIF
LT R 22 EE R b B S F B X R IR
() 5 5 B, AR B HH A B B T O AR AL
i1
351 EBfFRSeegy LR
7E UAV 815 W 45 1, AR S {3 & A i
AU . AT T AR SO A, A B 1R A
ZE T IREREMRGURE, FmRRN
Geomm (X060, ) = N (x5 (X0, b, 1), 07 (1) 1) (34)
H, x, NN ZIRPRAS &, N u2) RRBIE
Nus DI7ZRE Ry Z oA, THRALFRE .
I R B e () BEBETE N
w(xo, b t) = Ja, x,+ pW,h (35)
Hr, x, RPIEIRE MR, ARG, a8 R
MR RE, B ONMREIHIES L, W, ON(E BRI
HEME. XGSHRR T M EERSEEEE

I ki R e R 8 F o

{5 T8 0T T I 2 e 7 e 5 ) R 1 R AT LA
FoRN

a(t)=1-a)(1 +y|kl,) (36)

Hrr, () RFM T ERE, (1 - a,)Ron R
P, ye RAMBHEMWE T, MHTHHEE
IRZS X P 7 ZE (R AREE, | |, 1B AR R R
1255

TESEIUH, R FH AR 5% B R4 s AL A e vk

B~ o (B = Py ST )

Ho, g =107F1 4., = 0.02 Ay 558 fF i %
8, TR
352 BIFHRT 69 R A K

FES SRR, AR SO 2 RS 20 I S
AWML . 458 LEDIRES s, S ERS b, RIS
HECIE V)
n(als, h,)=Ip,(xober, i) T po (x50 k) dx g

(38)

Hr, p, NSEARIFMMER DA, x, APIGEIRES
&, x, NEIDRERE, h N2 EERS
i, s, NRGUIRE, ONBEISE. KB
HE NN
Po(X, X, 1) =N (x5 1(x,,5, h,), 05 (¢)1) (39)
Hr, w, WA TNIE, o (+) R R AEE
T %
4 LW

41 ZWEE

A SEEGIAEE 1000 m % 1000m Y X 1, £
20 ToT B Al S ARG Y, % 3 22 UAV.
4.2 HIEHXIEEITEE

IS UEAR SCHE H I g B 1) L R B
Rk, KBS ELPE. PR AEE L 3 F
FEMEERIEAT LG . SIS AR A [F] Y UAV (5 P 2%
B NEET, X FR bR RS REAE T 55 A 3
I %E o A [R) BT8R S50 e M e X bt P 2 s
] 2(a) 271~ BE B T 1) U008 SRLVE AE S B 7 T R I A
e, AT 5252820, LLELRHZE. MRS P FIBEHL
LR 5y A 2 15.3% 14.9% F1 14.8% I #E
P 2(b) & 78 FE AT 55 Kb BB 4E 5 THT . A% S IE R BUA
T, BER RPN GE N 15.81s, HHAMK



° 172«

WO K R

10 %

620 298

617 922

616 770
600 000 |

525 282
500000 +
400 000 -

=

¥

#2300 000 -

200000

100 000 -

O TheRthr Tisun

(a) AEFEXT LK

RIRELE  BEPLEL

l6L 1581 15.77 15.88 1625

(= S e ]
T T T T

BB EPE AR PLE
(b I ZEXT EE

FEHLELL

K2 ARSI R H

EREAFR, RUIBERMAIF R RSN S A
B,

N T BRA R XA, ARSI T RN
AR 2D AL o A R BRI S ) UAV ig s

— UAV 0
1000 m—
¢ @ .
N i €
800 \
600 At
- "l DY W I
= A
4001 i -
[ N L tn
200
| - |
0 A —— _ 4
0 200 400 600 800 1000
x/m
(a) it T M
— UAVO
— UAV 1
1 000 UAV 2
0 ) i
800 —
600 —
400 = o
200+ y
0
!
0 200 400 600 800 1000
x/m
(o) P& HIE

AEIIE 3 . WETTRFIR 0T w4k, BIEERR
WG R, R AR RIS UAV 231
. feRE SR (K 3@) MR UAV L
B, TELRIF 2% 7 55 1 [F] I T AL E RS B,

— UAVO

1000 = — w1
4 19
1 [
800 - ,
] , !
600
£ 1 L@ 7
= &
400 —
1 .‘-
200 - -
(0 10
0 X - -
- |
0 200 400 600 800 1000
x/m
(b) HLZHE
| | | |— UAVO
1000 L oA |
L T AV
|
¢
800
600
E
>
400
200
0

0 200 400 600 800 1 000
x/m
(d) BN

K3 ARSI K UAV 12 3) 1l )



55231 KT RAE . T T ERAL A ] UAV B8R-S [ Pl 5 Wk i 55 s & ALtk <173 ¢

IS ILREIR AR LA . ML, B3
(E3(b)) EARER AR PR B R B, AR LD
(E3(c) et T RAMIIIXIE S H R e =, Bl
WL (B 3(d)) A7 75 2 52 78 o AN RE YR TR 9% 1 [l
. BB T AT DTS TR B, RE R T L
IR EE R IR R A AT R RE LRI R AT, fEIB(E
i R BBV VH FE 2 [R) HUAF B 2 (1) P16
4.3 DDIMEHMRSRKREN T

PR RGN YERE, AR SO LT TR R
BCRAE 7 R0 TR SR A s & (1) 520 . DDPM
DDIM 7£ DiffRL H {1 GEXT LL WLZE 1,

%=1 DDPM 5 DDIM 7£ DiffRL # 84 gEXTEE

SRFE )T SRREE RIS W /ms YRR I H
FrifE E(DDPM) 50 324.8 1.00 —
20 129.1 0.98 60.2%
15 97.5 0.98 69.9%
DDIM
10 67.7 0.92 79.1%
5 34.9 0.85 89.3%

LG 45 R, DDIM RFEH AL B & H vk
HRE . K155 DDIM R B U S (3] A 324.8 ms
%2 97.5 ms, FRBZIT 70%, [FII AR FE 98% (K] ¥k
KR E. SEEE— DD 2 1050, Y (A %
£67.7ms, HFiE FEEN2%. REFEF155

DDIM F A 5 £~ a5, 78 ORFF R 58 o 22 1Y) [ B i
BT RENTEEINE.

DDPM 5 DDIM 4 i i 4 455 48 4 2 1) 35 A2 344
W4 Fr, WELR TIN5 PR S AN 4ERE, X
tt 7 DDPM 5 DDIM P FlCR AT T7 A AE A [RIA BT AR 4L,
RNt tERE . BRI (E4)) F£H, B
FEIREARIRTE (W 0.02518 42 0.200), FAHE
BRI RS 2 R &3S, (H DDIM B AE 35
2k 5% 7 2% T DDPM. 435540 (kK3 0.100
i, DDPM RS HERE C ks T2, 1 DDIM 1/} 5¢
HeREL10.6 MFREMERERIL. LPrW%E (K 4(b)
250 25 5 B TN S E )& . ESRREE
DDIM (Lt E4k) [FIFE IR S iiE Bk, 3L
P B R B PR 5 2 25 1 1 SR T A PRI, (R AR
/N DDPM (BB RELR) . XK B, DDIM
B I B R A AU T 0T g s SRR R AR 1)
WH, MIMAET X mahAs . AT R UAVAT S5 #14;
Yst, RerAE Tt AR, AU HER
Al T AR E . 51448 DDPM A
EE, DDIM A 4 A A JH 5 5 1 4 14 R B e 1Y)
REERCR, HEH T &L ML, X
A SCAESS 3 1 R IR £ L T DIffRL HE 22 fi# ¥k UAV
BB S TR S C ] AR T IR ST 3R S e
WA

—e— DDPMIFig
0.8 —+— DDIME
32 0.6
=
T 04+
o
0.2
0.0 t t i i i f —
0.025 0.050 0.075 0.125 0.150 0.175 0.200
B AR
(a) FEE T . DDPM vs DDIM7EAE -4 3R 55 h i Efig
- -%- DDPM3p5
08} S oy -+- DDIM3L R
. 1 e
ﬁn] 0.6 " [ e s et S
ﬁ—’ 04} -
o f i
02F T
\\x- _______________________
00} : . : . : i — x
0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
B

(b) SR MEE . DDPM vs DDIM{EIE R 3R ks o (g rEfig
K4 DDPM Y DDIM 14 GE B 54010 2R 1 i AR e 34



« 174 - (/IR

¥k %10 %

4.4 BIEWHME SR

N B8 IE & B A ) AR RIS S, AR SO0
DiffRL. DDPG. PPO. Hi& M (Adaptive) 5 V2%
FIDQN 5 FhBEIEFEAT TULSE B e ARV E IR
SHPEXT LWL S s, R 1 ARl % 2] Ik 1)
KIHESOL R . DIffRL 5 H Al 25 (DDPG.
DQN. PPO) i&FIAHIITEREAKF, X — 45 RERIIE
T HOR B LR s AL 2 S R A B . REDIJE, Dif-
RL & I H A IS SiCE RS /NI PR RE U B, [RTES
FEVHHEAR GG TR ERT . X S
DiffRL 45 7 3i& & T SL bR UAV AR 5573 Bl ds 5% . Dif-
RL S 3 R R T H 456 79 B 8 1) A Al
e AR AL 25 ST SRS AR AL RE 70 T HIUEE AL R 68 AR
FREZFEAEIE SN E, B iz s fE=S (Al 5
D M BN SR A R AR IR AU s T B Ak T AR AE B
T i 5 3 A g 326 I 4 1) B vy [l 4R 1 7 g A Ab . IX ol
4548119 DIffRL £ UAV 1T 5% ) #1X 2 75 EE RS 411
1 R FE R B S (19 52 Z1 W5 1) R SR I H £

— Adaptive ™%
825} PR

=g
8,00 - =pony;
-8.75F

-9.00 -
-9.25F
-9.50 |
-9.75f

-10.00 - T i T : 1
0 1000 2000 3000 4000 5000
HifA]/s

K5 A FEISRU SRS H

4.5 (ESHEHBOREMMERE T

DiffRL 7E UAV AT 55 1 2k 1 55 o (1) B FH 3 244
DAE3A T : EIEH AR IERE . ARSI L7
TR AL . DIffRL 5 HAL FEEARF IS 5 R
AT 55 0 B W St Lhan B 6 o, MR 508 AT
%8 500 MI, R SAE55 di b 15%, TL BT 58
20 Mbit/s. H:H Adaptive 512K FH AR i A0 A 1 A &7
WS, B 80% AT M BLLh AR HPAT, 20% L%
TPEPAT, XRR TR T AR, B
T AR &40 . DDPG Sy N R B B 81 A2
TRlT, 4 60% AT 5 EIEE T EPAT, 30% EA M
PAT, 10% HHUAV AT, IX Pt AR T 22 1Y) SR s
S E AL I AE . DIffRL A #0474 50%, T
BPATL45%, FIUH XS A< HbA TLE B2 5 1) 35 4 45

EIlE

A, RERS R RE T AN FIAAT B bR, 7R S i
TAMSAT, EEEIN 2R RS, KL
AT 55 0 e o IR LSRR T A R SRE AR 55
Iy BC PR SR L (R RORUBUET R 2 A2 25 FE RETR IR |
TIRFI M R G RESS 2 A B AR R 5 -

100% i
. = TR
=
i
2 600
R
In
= L
&

8 Ada]lative DDIPG Difi“RL DéN Pf;O
Bk
Fl6  DIffRL 5 FABSEIE LA 5 T HOFE S5 A e b

AN R S0 28 e SR SV R R B L 7 TR, RO
7 DiffRL 575k A1 A 5778 UAV B 15 W 45 4T 5% )
BAGFPEREXT L. WK 7(a)fT7R, T DIffRL
(AT 55 BN AR B2 RIS T PR S5 I AE . AR
=, ML DDPG &%, DiffRL 4= i Fl &k ok
PAT S I EN R o, ks> T B e 1K B B A A
T, B IEFRAK T 2930%. Wi 7(b)fis, DIffRL
SOEAE A SLIG F BA N OR KR T 3 HLARE IR RE 0K
F, RHAERGREFERIM B, AR S
H 20%~30% I AE % . DIffRL B 7E K iE 47 &
P OLTS As e, e T S W IR M R R
I 7

FEIE A — LR R S I AE X B 4o B 8 BT R .
Pl 8 3 It AR B X b T L FE DIffRL 78 P 1 5 Fb
BOEEIA— L REFE 5 0 — AL I 28 P R OB PE RE 4R A
FRRIL. SEESE SRR, DIffRLFEEEH 1R
Fedahs DRI H B E WA % . DDPGEESISE
TR R X B ERE R UK, FEORMENECR, H
HAER BN A T DiffRL SHk R #id 721
FoE MM RISy, @ — DI 7 AT ER &
Btk A%T Adaptive. DDPG. DQN F1PPO %55t
L%, DiffRL 78 SEILE KRR AE R R, FH—1k
IS SE 78 4 47 E B 56 9 Sk P . 1X 3R U] DIffRL
)R SR ML) R 8% o 4 1D M VP A AP AN R 3 AT B B
AL B, AT AE H SR A AR e 3 o 3 o e LG
REFE 5 ] #5252 I 2 7 o5, 0 5 T DIffRL HVA 7R




$2 M KT RAE . T T ERAL A ] UAV B8R-S [ Pl 5 Wk i 55 s & ALtk <175 ¢

20 F — Adaptivefiik
— DOPGH 1
 DillRL{ 1
18+ RO
16 -
2
o)
4
-4
12+
10 -

0 1000 2000 3000 4000 5000 6000

/s
(a) B AR A,
12 000 — Adaptiveliik
— DOPGH %
— DIflRLF} 1k
— DONJ %
10 000 - — PPOSTI:
= =
lﬁ\ﬁ 8 000 [
2
6000 -
4000 -
0 1000 2000 3000 4000 5000 6000
HiF )/
(b) AEFEAAL
7 ANFEEIE R R L
1.0 = Al
0.8
=
S 0.6
|
’E 04 b
02+

0" Adaptive DDPG DIifiRL DQN  PPO
i
K8 BRI LRERE I EXT HE

YR A2 PR BT RE 2R ™ W g R T B4R A P e
PEF

5 4ERIE

ASCHEH—FhE T DIffRL ) UAV il 45 P 2% 5
IR ARG, Wi KESLIRIE T 1% kA &L
PEFL R . SEIREs RK M FH AL S () DDPG.
DQN Hll PPO 5%, A ST & Gt 48 e 56 o1 & A AT
R PRI I B 1R e E T Bk
HREBZEBRILNT R AR, ML HAh ST 7
F, WA TL153% MR IR FE; MBS 18] 7 71 4y
WikE, AXRGEKMIEITHRI BT IR
ENE.

XS0 28 AR AU B T AR SCHR AL T Dif-
fRL [} J775:4E UAV 8BS 28 TR I SE FANME . Z RS
AU ZIRT TAESS AR, IS T AP R
TR, ARG UAV A5 P 25 b 1 BE 5 52 B AT
ARG AR T — NIRRT S Ul
JiEAE UAV % £ HF  5t (W i 10 42 UAV)
W, T s R R I8 S T 0] B T B0 SR I 3
10%~15%, ik — 20 51 NIBEFHE 2% 5] BRI (5 A »
KK TR RGN B 22 ST 58, B R SR
BTTAT S5 BB CRIBIEIBE N 10 ), T 25N
AL UAV SERF R G5 RIBS Y 100 ms),  ffE (A
B T I AR 8 )

Sk

[1] ZengY, Zhang R. Energy-efficient UAV communication with tra-
jectory optimization[J]. IEEE Transactions on Wireless Communi-
cations, 2017, 16(6): 3747-3760.

[2] Zhou F, Wu Y, Hu R Q, et al. Computation rate maximization in
UAV-enabled wireless-powered mobile-edge computing systems[J].
IEEE Journal on Selected Areas in Communications, 2018, 36(9):
1927-1941.

[3] Mnih V, Kavukcuoglu K, Silver D, et al. Human-level control
through deep reinforcement learning[J]. Nature, 2015, 518(7540):
529-533.

[4] Schulman J, Wolski F, Dhariwal P, et al. Proximal policy optimiza-
tion algorithms[PP]. V2. arXiv (2017-08-28)[2025-07-20]. arXiv:
1707.06347.

[5] Janner M, Du Y, Tenenbaum J T, et al. Planning with diffusion for
flexible behavior synthesis[C]//Proceedings of the 37th Interna-
tional Conference on Machine Learning (ICML). New York: PMLR
Press, 2022: 9782-9793.

[6] Liang H, Yang Z Q, Zhang G B, et al. Resource allocation for
space-air-ground integrated networks: a comprehensive review[J].
Journal of Communications and Information Networks, 2024,
9(1): 1-23.

[7] Hansen-Estruch P, Zhang A K, Vuong Q, et al. Diffusion policies
as an expressive policy class for offline reinforcement learning[C]/
Proceedings of the International Conference on Learning Repre-
sentations (ICLR). Washington DC: ICLR Press, 2023.

[8] DuHY, Li Z H, Niyato D, et al. Diffusion-based reinforcement
learning for edge-enabled Al-generated content services[J]. IEEE
Transactions on Mobile Computing, 2024, 23(9): 8902-8918.

[91 Song J, Meng C, Ermon S. Denoising diffusion implicit models[C]//
Proceedings of the 9th International Conference on Learning Rep-
resentations (ICLR). Washington DC: ICLR Press, 2021.

[10] Wu Q Q, Zeng Y, Zhang R. Joint trajectory and communication de-



° 176 ¢

(/IR

i 10 %

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

sign for multi-UAV enabled wireless networks[J]. IEEE Transac-
tions on Wireless Communications, 2018, 17(3): 2109-2121.

Liu L, Zhang S W, Zhang R. Multi-beam UAV communication in
cellular uplink: cooperative interference cancellation and sum-rate
maximization[J]. IEEE Transactions on Wireless Communica-
tions, 2019, 18(10): 4679-4691.

Zhang S W, Zhang R. Radio map-based 3D path planning for
cellular-connected UAV[J]. IEEE Transactions on Wireless Com-
munications, 2021, 20(3): 1975-1989.

Liu X, Liu Y W, Chen Y. Reinforcement learning in multiple-UAV
networks: deployment and movement design[J]. IEEE Transac-
tions on Vehicular Technology, 2019, 68(8): 8036-8049.

Khan N, Ahmad A, Wakeel A, et al. Efficient UAVs deployment
and resource allocation in UAV-relay assisted public safety net-
works for video transmission[J]. IEEE Access, 2024, 12: 4561-
4574.

Zheng Y S, Chen J T. Geography-aware optimal UAV 3D place-
ment for LOS relaying: a geometry approach[J]. IEEE Transac-
tions on Wireless Communications, 2024, 23(8): 9301-9314.

Chen M Z, Mozaffari M, Saad W, et al. Caching in the sky: proac-
tive deployment of cache-enabled unmanned aerial vehicles for
optimized quality-of-experience[J]. IEEE Journal on Selected Ar-
eas in Communications, 2017, 35(5): 1046-1061.

Liu C H, Chen Z Y, Tang J, et al. Energy-efficient UAV control for
effective and fair communication coverage: a deep reinforcement
learning approach[J]. IEEE Journal on Selected Areas in Commu-
nications, 2018, 36(9): 2059-2070.

Haarnoja T, Zhou A, Abbeel P. Soft actor-critic: off-policy maxi-
mum entropy deep reinforcement learning with a stochastic actor[C]/
Proceedings of the 35th International Conference on Machine
Learning (ICML). New York: PMLR Press, 2018: 1861-1870.
Sefati S S, Haq A U, Nidhi, et al. A comprehensive survey on re-
source management in 6G network based on Internet of things[J].
IEEE Access, 2024, 12: 113741-113784.

Sohl-Dickstein J, Weiss E, Maheswaranathan N, et al. Deep unsu-
pervised learning using nonequilibrium thermodynamics[C]//Pro-
ceedings of the 32nd International Conference on Machine Learn-
ing (ICML). New York: PMLR Press, 2015: 2256-2265.

Ho J, Jain A, Abbeel P. Denoising diffusion probabilistic models[C]//
Proceedings of the 34th Conference on Neural Information Pro-
cessing Systems (NeurIPS). New Orleans: NeurIPS, 2020, 33: 6840-
6851.

Wang P, Zhou Y, Xu K. Diffusion policies as an expressive policy
class for offline reinforcement learning[C]//Proceedings of the
10th International Conference on Learning Representations (ICLR).
Washington DC: ICLR Press, 2022.

Du H, Zhang R, Liu Y, et al. Enhancing deep reinforcement learn-

ing: a tutorial on generative diffusion models in network optimiza-

tion[J]. IEEE Communications Surveys & Tutorials, 2024.

(fEE T

KFR(1988-), 5, ML, WL LXK
2E RS HT TRERA R, EE
FE 7 A1 R FE ML A% 2 S0 1 I 4 3 2 ) 5
PR

BX%2000-), B, Wil L KEER
S IR, FEHFRTEN
=R

HE®A976-), B, L, WITLTEK
HEREHF IR REE, FEMRT
[E4) Sy X 486 R A A L L PR X g AR A oA 2%
G4,

FBIZIE (1998 ), H, WL LR KE#E R
S IS, EEHFRFEN
FETF R A ] 1 4% B R EE

BRN (1972-), F, WL, ¥HTTREK
PER ST IR ER, EEMRT
AR BE % . TERAE .

FEEK(1988-), F, WL LH K% EEY
B TR B b, sLue b, EEHR
[ ATELREE .



