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Joint Optimization Algorithm for UAV Trajectory and Computational Offloading Based on
Improved MADDPG
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Abstract: Unmanned aerial vehicles (UAVs) can act as air edge servers to provide services for ground mobile terminals in
disaster areas where earthquakes, typhoons, floods, and mudslides have caused severe damage. However, it is difficult to
complete complex computationally intensive tasks in real time due to the limited computation and storage capacity of a
single UAV. In this study, a multi-UAV-assisted mobile edge computing model is first investigated and a mathematical
model is built. Then.a partially obsefvable Markov decision process is established and an improved multi-agent deep
deterministic policylgradient (MADDPG) algorithm based on the composite priority experiential replay sampling method
(CoP-MADDPG) is proposed to jointly optimize time delay, energy consumption, and flight trajectory of UAVs. Finally,
the simulation experimental results show that the proposed algorithm outperforms other benchmark algorithms in terms of
total reward convergence speed and convergence value, and can provide services for about 90% of ground mobile
terminals, proving the effectiveness and practicality of the proposed algorithm.

Key words: mobile edge computing; multi-agent; joint optimization; deep reinforcement learning; partially observable

Markov decision process; computational offloading

O FETH : LR A RN A AR AR LI 2 54 76 22 AR X B TR (GX2137)
R B 1] 2023-04-08; A& 24 A [H]: 2023-05-11; K B []: 2023-05-23; csa 7528 H i [6]: 2023-07-21
CNKI [ %% g K I [A]: 2023-07-21

Software TechniquesAlgorithm FXFFHE AR 5% 203

© EREERREST  hup/iwww.c-s-a.org.en


http://www.c-s-a.org.cn/1003-3254/9277.html
http://www.c-s-a.org.cn/1003-3254/9277.html

it E RGN

http://www.c-s-a.org.cn

20234F 55323 111

1 55

BRI EE PR AR, n] DARRAT 0 IR R AR R
W FRIAT . 2 R RefR R G2 2 BIRE IR SR &,
H s A2 K KT 5224 ) 2R 3 A /IS T B Ak ELAH S8 A P
WS TEREN RS ZHERRGEGEENE. &
ke WhiAvE, HFEA BHLRE . SR IR
BE 1, BRI R AT o LA IR R P e R T S,
LR RGZMAT A3 B, bR
PARES W B AL s . 2N RS A
(R LB

TREE AL 2] DGR AR D T B T it s PR RE )
2 T = A P v RO ) L, R A ) R R R A m
i IR EEREAT RS BLAS B AH N 22 i E, B — 3R i
g, (HAE 2 DR RIS b, R B idh TE &
AR 2, AN ST L B SR, AT S BN i 4
PEVINZRIE R P R 25 5 AN, JE 4Kt S 12
m) 7E DL b i) SRR L, VR 2 AN ROT R R
312~ 3] (deep reinforcement learning, DRL) 5 £ % g
R ARG EE G K, 2B RERIRE AL % 3] (multi-agent
DRL) 7 i#EM 14, OpenAl Five. AlphaStar, “#f
TR AL e %1k 1) EL 42 8B\ R T B 5K 1) 7K
F,  MADRL fETC N¥5E 6 RS0 2 RE 5551 2 40
S S AT SR AL T R AR g e,

T LI BB, 2 7 & T CoP-MADDPG H.i%
(12 T NNV BIR A 0t 5 R 48, AR50 F otk T

(1) M8 T —AtH 2 22 0 AWML s # 3hia 1t
HRGHER. R =4E3) /) # A e = 473 (A vh

B 2 B T N AU T 76 2h 28 S 2 AT 2 A TE AAL 5 )

T A% B 2 i 2 [A) (R SE R Dy SRt (5.

(2) 8 FH 0 43 W WL 58 g ] 5K g 3R I R X R G
TUHEAT 1A, FER HY T CoP-MADDPG ik S A
LT B3 AT S900 B 0 T 2 AL % FE B4 S 5%
T A 5 F BONGRBCEAR, WS B 12, S7E
FEL R T E &, Ea e i T i)
[ 3R I 5 2 AN 3L T TD-error 456 2% 2H k.

(3) M T —AN M 17 2 o AL AT P FIATE 55
HEEA AT R, ARISHCT B B iR R
B, 4 Actor P4 Al Critic W 4% 122 1 %328 0.01,
179 0.95 I 8 22 Jgh ] AFE S5 J ik 1) P U S 38 d K
{B. ANE BT 107 9250 R B, AT RE I S 22 i
SACHE FEE AT S 25 000 T JH Al 68 vf 450 7 S 3 0~ 1

204 AR H % Software TechniquesAlgorithm

Jii, AR SCEAE T LB S 2 A XK, B
90% Jr A7 I I 7 3 2 S 2 (A 55

2 MRIAE

Jiang 2 AU 3R H T —FhEE T MADRL 99 A
F S, DU SG 3 HE S 40 190 2% o 10 - R 8
YA I A Wu AU SR T — NI T HERAER i £
B 42 1A RETBE A 20 AR AL B, I ) MADRL 357
AN ASANBEHL 2 0B 58 o 0 A 80 4R S5 . Seid
s \US) 4Rl 7 —FhdE T MADRL B 775, DA A B
815 25 ) - R A ¢ (T T o A 0 K R 9 24
B 4% 30 U O 257 B (QoS) 2R Zhou 25 A1
SRIT RIS B HRVR 3462 5] (H-MADRL)
HE SR AR LR A 0 8 0, e X BRBE R AP
AR A R T G, M P P AR 2 5 IR A A
FRISEN 28 5Fems . Seid 25 N1 2 T — N X HLgE Al MADRL
SERRHEZE, FAF 18 2 6 ANLA BB R 46 v i EH
HEATH LN, Xue S8 A9 5 T UE #1ESA R MEC
HR4 S 10 A, $H T —Fh MADRL 83, 3 411
WPl VOB BOA UE SEBESR I/ Mb 2 SR8
NTTTE (RAE R G MEREHO AT AR T, A AR B AL 8
RIS, Li S NVBFIT T — R 14 R B o
4% 3K, B T —FE T MADRL (1977 %, A3k %
FE A TR R LB 25 (2538 R R0 55 AT 5 0%
S, RIS B AR IR 4% % & 22 3R Cheng 25 A1) g
MASAC B35 T AU B0 Al 5 240 R Al i1 4 90 %
T FI £ (E4% 0 A IR ) AT T FE. Zhao % A1
R T AL B R R (5 S 2, M T B 48R
15 F 2 T AMLIMAAT 55 A0 R, JF4R T — Rk At
R (1 MASAC B3 Dai 4 A2 75 2 % itk 5
oAl AT I SIHEAR, T T A ML [ 3L B P
ARRAA HOUE, 2R ORI 4 R BT, AT 4 1 6 A KL
Y10 4 SR A R o

3 LAY
3.1 RGER

w1 R, RSCAER S T oS
M A HOTH o 3l ¢ it LK 2295 3 MEC IR %5 #5 (1 6 AL,
To NMLEIEEATCAT T T Bl 53 e AN I B, 1352 B AL
A0 Hb THT A% 2 24 ity 14 Ao B 7E B — BRI AN R AR AR 4K, HL
TE ML TE B A5 ef Kb 38 e T 29 44 i 260 28K P 35 34T

© TEREBIK R

http:/fwww.c-s-a.org.cn



20234F 55323 111

http://www.c-s-a.org.cn

i H AR SN A

% post {xk & ZMFKoRt € (1,2,3,- - TINBRZ Kk € {1,2,
3, R NMLALE, pos™ —{x’” YRR H T RS 5
?@iﬁﬁme {1,2,3,--- ,MYHIDL B, pos® = {x°,y°,z°} R~ [
5%0€{1,2,3,--- , O} AL &, TEAHLKI) CPU S
AR, M R 5h & Sim ) CPU M fm &R, RER
IS BRTE A Lk PR i L, P AR AR B PR A T B

@B l 1
@‘@@Blﬁzﬁ%ﬂﬂ%/ﬁa —z— S EERE
St AL

EREE

R INER Los (EIEMB BN RRIE RUR AT . I
TR AR IR B2, MO SCBI N T S B 55 45
A2 I N AL b T 50 £ s 2 160 F) 25 30 348 24 T
PLEIR N

hie = \Br8x M
b, B = Bo(dy) ™0 KR P IS Dy R 38 1, Bose

SHWE N 1 m N HEENE 5, i A% 8 24 i 5 )

T ALk Z T8 (R B ao%ﬁ%ﬁ%ﬁﬁi“éiﬁ g /R
FEIEIR A KL, 7T LASE SO

RF},
=4/ ()
RF + 1 RF; + 1
O = arcsin(z—k) 3)
di

Horh, RFy = Aye2%, gt} B AT R BERE 2 7 2, @ T I 5T
Iy E, RF,RANERIR T, Ay, Agst IR EE v 52 13 5L,
O 27 TE N Lk 5 1L THI B 2 2 vty 28] AV A

To ALk s RAE s 2 0] BLE XOA:

up
ry= Blng(l + | Zl'zw ) (4)

Horr, o NTE ANHLE AR (e 75 T 2R, w 9 {5 e bl 221,
BFRIRNEIE I, pt HTE Ak (1 EATBE RS AL A D) 2.
3.2 HEER

H T Hh TS 3h & A R K T H 568 0, Tovd b HE
S BT 55, TR BB o0 AT 55 0 3R B T8 AHLHEAT
REFE, o) F AT 55 I EN IR L 2R, DER R B T 72 3
I mr ) BT 55 B, C 3R A BB 7 T A Y
CPU %L, il i =X (5)—3X (7) o DATH 5t e B AR AR
HFRAT HF S S B A S, L PRSI T B I 2 Dy £
%Jﬂfiiuﬁﬁafu’]?ibn%u EﬂT°ﬁ+T“P

(1-o()DkC

Tllocal — fm (5)
o(t)DF

TP = =t 6

r== (©)

k
7o - o(:)fzi,c
AEFE 5 o AN MR Hb TH F2 5 28 i 10 o0s Fr G5 /0 5%,
Ay Pl = (8)-K (10) #EAT 1157, Hh El 8 R #E %
R FERI T SLREAE R SN, BIE, + EOT.

(7

EP = pika(f")’ ®)
EP=p’ 1" ©)
at N
EPT = poko(f) (10)

b1, pr, 0o SR BRI T H TS 2 2 i 5 1 45 L 6
NHILES Fr B I 2 B R R, I 20T 6 R, TR T
HTHT RS 30 2 it 1285 2 MO RO TE AL P 4548
3.3 TANEBERE

6 AL 7% 22 128 T B R ) IR A A T By 4
SRAR S, HOA SO T =4S A R T A B
PR JEANLBG L B b AT L A P AT S e,
f BELEE 5 XOY T f AL Z B fh, 1o SEAD 4%
JENALHG TR HE A 01 55 O AE. BT (11)-
3 (13) W LTS TE ANLAAE £+ 1R A7 -

fo = xf + distanceqyx cos X sinf (11)
yf+1 =yk+ distanceqyX sinfx sinf (12)
X, = ZF + distancenyx cosp (13)

Hrh, gAML CAT R 5 XOY HF A, BRI
AT 5 Z 8 A, distanceqy=vmax X (tay+delay) X

Software TechniquesAlgorithm #1F4: AR« 5%: 205

© TEREBIK R

http:/fwww.c-s-a.org.cn



it E RGN

http://www.c-s-a.org.cn

2023 4F 45324 111

Vweights Vmax 26 A% 6 ALY IR K KAT IS, viveigne 78 6
MU E 53 5, taeray Brn o ANUALFE T ARAT 55 (1 AE.
3.4 [o)ERfEA
ARSCRH T — A AT SRS, AT 55 # L
L TBABL AT PTG AR 35 % 3 AN T7 T AE Rk
HHR, BEIFER—F-FEMERTT R, HHEDS RS
ATtk REfS B B L3R T, BRI &, AR S5 E L EL R AL
B TE DR UE 3N 22 S04 55 A 311 v 23501 AR A7 28k 35) 1 e
To ML RAT B B A D) B 5 /)N Ak BE A B[] B A )
IR Ab BN SE RN BE AR, I DR TC AL Z TR AS 23 K AE Al
i, o ANHLEE 75 25 10 0010 ) RE 68 f KAk b T A% 3 28 35
1) R 55 30 B RD IR 25 o1 B, A 49 AN I 2 R I ME e AR
BRI, A SCHIARAL 8] AT PAR 7R 9 x
T K
- k Tk
{Couisﬁr)rr};(? oo ; ;max {E, +T, } (14)

i sL0<r <1 (14a)
cove {0,1} (14b)
post = {(xf.yk 2t € 10.L1,y} € [0.W1.2f € [0,H])
(14c)
0 < Task(t) < sum_Task (14d)
0 < RF < Ripax (14¢)
0 < Vi < Vimax (14f)

Hr, K (14) F B collisiont” 78 ZE I K7 TE A M LK AT
W02 18] /& 5 A7 AE RS, 25 17-7E M collisiont” = 1, 75
collision®” = 0. 3{ (14a) TR FAT 55 E 4R LE 2R A4 ) BUE

-

e . 20 (14b) Frm o AWIIE 35 F cov T HUETE . 2 (140)
FaRLNHIREETE . 3 (14d) RAFIRIES 21
[, sum_Task# 7 M T4 i, 3 (140) Faii 8 AN
Je 7B 255955 LR 182 /1y T4 6 AL IR AT 2590 R
2 (146) R T AHUAE AT LR P I B v A e I
TR AT L vimax.

4 CoP-MADDPG %%
4.1 MADDPG &%

DDPG A TE B2 B A STRAS 21 1 )2 iR,
BT Y RS 2] T 28 BER TR MADDPG
P 2 B, S EE SN T HoA R RE R B 1 1
NEHME B LLETS Q {EH K% MADDPG HiEfE&F

206 FfHiARH % Software TechniquesAlgorithm

I RE P AN 7 EERE I (K3 ) 2 LR B (38
15 7oK, BN BE MR 4 At B REAA AT AT Al 24 1
ZNIERIME. 7 BT 2 T R R R #R I G 78 70
Jai, BEAS Actor M2l AT L B CARSEIR S RIE & 1 5)
1R, BRI AN R B AR REAR IR S B SR 1.

Training

\

&

K 2 MADDPG &EHELR

A Gt 5 75 31 BELVEAE 2 ST AN L F I 2 206 254 FH AR
5] {4 15 ., T MADDPG 535 o VR 7 2 1 i
—EAMIE B, BI4RME R, (EJR 75 B TR S I i
PR RBAE . B, ST DU T 3R,
WA DL T 55 4+ 3155, MADDPG S35 7E R IR B 1) 3%
fitl L=, BE M8 AR e D8] 22 8 RE At 1 R B0 A 4 5 KK T =2
HUF RSN @R, (B AL 4 i) MADDPG 515k &
Bl e b X AL BCECE, AN S S8R L&, 3
NG 2, WSICE NS, 25 D AR L. TR,
ATCHE I8 4 0 Sl E 7 X MADDPG £
Tk, })\ﬁﬁiﬂ‘fii%%ﬂrﬁtl:%\ TNBLRATRREA TGN
*ﬂ@%%iﬁﬁ SRR
4.2. ¥ POMDP

ARSI APRAS 28 (8] 0] AR Nistate = {posk, pos®,
pos’”,task;”,blockf,elef} s taskgc 2R 7N HU T A Bh 28 Sim (R
1B B AR AT 55 1. blockk 3RIRAEHI BJE ALK 5 Hh T
R B i 2 10] i T AFTEMESY, FAFAEIERY, Wblockk = 1,
i Mblockk = 0. elek Ferm i BRI ALK ¥ i 5.

ARSI BE 2 ] AR IR Ha = [RE, vi, ¢r, O,
offloading], o 6,37~ o AWK RAT M1 FE, offloading
RONEI L.

0Tl R B2 5 R P 22 X 4% PR SIOT O, e R
BB AR Y, AR 2 il R A v B Y I AE B
TN 755 . FlfA K] -1 R 5 87 AR, BT
I 28 A BEFEAS 2 — N ECR R, RR R kAT 3 — Ak,
o NIV 7 AN [ B8 D3R 15 280 1 1) 282 il 355 il xof X 3

© ERSEBIK T

http://www.c-s-a.org.cn



20234F 5324 111

http://www.c-s-a.org.cn

i H AR SN A

B, MR 75 T ANUREE RS9 2 18] R B 4 0%,
G DA AT LA S JE ALK i 5t
4.3 CoP-MADDPG &%

256 (Al FEOH LA Bt ML 2R A2 M B 25 A 256 AR
P 0 245 (1 A Pk, (H R 2% FE B HHE 1) 5 i, 5 B0 25
WA, WS NS, WA SCTERIFE I R T 2 &
e, Foh, Z A0S S FE 3T L B [FIHR 41 S 4
FEETF TD-error FIPLJe . AL L5 B BCRAE 7
PR B R R

(1) i/ Q {1t % TD-error.

(2) FIFHZ (15) 439052 SCHEF S RIVC R IR 48 2 2
MIFET TD-error ILSEL, r Ron I ST R AR, e
N IEHHL, 6,378 TD-error:

Yi=ri+eYr=10| +¢ (15)

(3) AL U I Z 50 5y B IR (2) PRI
e BMKB NIATHS S EF S U rankfl Fank ¢, 38335 (16)
LA IR B 6 B2, o RS P (262
LR, Ha = O R 51 FE.

rank; + ranky 1\*
MY Y=~ (16)

uk: b
2

Yy

2 Y

(4) B SCRFEL I IR Py = (
INEI A E.
#¥iE 1. MADDPG Hi2:

N NI Actor A Critic 4% ; WA A RND, &K
ANEURE RS, TS BN
vtk 2.

], Horpnik

for episode=1:N do
VIR IR IRAS s
for =1:T do =
XTI e B Eaispg (o) + N IITEN Fa=(ay. an)
R ER T 2R H S TD-error;
4?[—é’égﬁ(s,a,r,s’,yi;yf)ﬁﬁ%@Jé’é:ﬁ'ﬁm’.D, E%’I%éé%?ﬁﬁﬁ%ﬁﬂ
%ﬂY//‘Ajﬁ?Ud‘ﬂﬁﬁtﬂF?, ?%"%Urankﬁﬂrankf, R 2B A 354
AR 8w I HAR R E A Ry, BEIEE Y M SRR Py
for agenti=1:M do
NZREG 1D R 22 50 RAE R A A S A REA AT 1 255
wE:
Vi=rid vy Qi (s'1.df - Dy ol
£ Loss fH5#7 Critic M %:
L)=1 30/~ ] )
SRR EE T [ D7 158 Actor 2%

VoI~ B Voio) Ve O (s ap o af o)l

a;=p 1(0{
end for

BT H AR 2
02" 702+(1-1)02"; ¢ 160" +(1-7)0
end for

end for

5 iR

TEBEAT 05 B SE G I, 38 PL A ] 2% 31 A3 0
Rl 1P 35 22 il v ASRAS B R 5 ) Z A n e 7,
T Ik 5 2 v S AT X L, Eﬁiﬁzzlihiﬁ‘%ﬁ’ﬂﬂﬁﬁ
e VE. ARSI HESR 58 MADDPG. MAA3C.
MAPPO. MAAE. - .
5.1 SHRE

B R e, T B4R 2 A Python 3.8 i
TensorFlow 2.5. ffi [l T — &L % Intel FE& i7-1165G7
CPU ] PC, f =41 2.80 GHz. A S H B
= 1w,

R ZHE

ZH =98 BRAME
K T E 54
0 R i) A 3
M Hh T RS B 2 v B 200>
Robs Ff 1% {42,32,36}m
T AT 18 min
Iny TN AT ] Is
Idelay FNHLE I (] N 7s
Rinax Te WL R 35 Ya [ 30 m
Vmax o N RS AT 21 m/s
B O | MHz
f’los.\ N WERERERE SRR R TR 10-B mw
ONos A PLEE BE T (¥ 75 T 2R 1071 mw
f* NNk B 1.2 GHz
r FAL SR 107
c CPUJE 1%k 1000
o AT RERR IR AL i T A 0.1W
g B 91 mi B 5 1 3 25 -50 dB
elef Te NHLKEIRI6G e B 500 kJ
m T NPT = 9.65 kg

52 fHELR
521 AW mRERE
TYEAAR R BRSO IN B RN H T R Bh A iy, TR
IR0 [ R 7R B RS A),  AK €550 [ AR T AL 2
RV, 5 PRI HFR 5 B0 AW $ATHE.
AFEE T TN AT W& 3 Frs. B 3(a)
ST ARSCREIE R T AN AT ELIE, 7T LLE OB AL

Software TechniquesAlgorithm #1F4 AR 5% 207

© TEREBIK R

http:/fwww.c-s-a.org.cn



it E RGN

http://www.c-s-a.org.cn

20234F 55323 111

REME 56 4 8E T PR RS A7) R J8E S 8 A B2 A1 RS, 5 4800
AHULE AT I AR AR S A 3 50, BEASEEL T IX
to 4 78 5, G I VR K € S [ R S 6 SO B 1 AN AT
PLE H, TE AMLTE CATIEREH A 90% A4 i Hh T # 3))
LRt 7RSS, SEIL T RS H P AP, Bt T RS
. K 3(b) &3 T MADDPG 32 AL AT 5L
5, AT LA I8 A AL RE % 58 4 8 T B A 49 ALkt 5 o A\
ML IRl RS, (ECR T B il i, K25 AFLFEA T
Jaih A, RAE—HE/ N X A3, S EOXEEA
REAR L Hh 7 55 B X 4k, A AT DUE H, 4 2200 AHL
B A LT A S BRI 14 ot H)LTF—F1
Hh TE A 2 2 it AN REAS 2RSS B 3(c) /2% T MAPPO
BRI AN RATEIE, W] LA G AL RT LR 4l

RS B LSRR B IR 55 LA TE AT AR o e G

\‘ sl

-

DML 1 A Tl (F1 3 55 4 FF BERSH D, 1% B
Ye 7 MADDPG %355 N\ 5 s A 9 ) 0, s P A
T MADDPG 3.5 7 #7F, {HI3 £ 45 R 2%
3(d) £ T MAA3C 5L AP RAT L, "]
T 1T AHUBE A S T M0 AP P U5 i 7 T
(ELEH T A3C B35 A5 P 2056 I AW, 5 BT RE
A, P15+ AR, B, T ANLIE & AT AR R
G0 T — Bl 0 ORI [ 3(c) B2 T MAAC 51
VR TE AL 6 AT B, M ST DA B T T A ML
I 5 2 T S b, T o BB S oA L5 s 9 2 ]
YR, 2 V1253 @ﬁ‘jcmn%ymaﬂmmﬁﬁﬁ
o SEE AW B el FLER S A LT i X
S, LI, e AT A X B EL U 24
F T S B 2R 7 RS-

—— EAHL1
300 wp e %ﬂm
— TAHL3
250 —— FAHL4
----- TENHL S

200 -

L — BAML
300 e %kin? 300
L — TANL3
250 =G 2s0)
200 Trest T PR, [ FTNHL 5 200 |
E 150} E 150t
= N =
100 | 100 |
50 S0F %
O L 0 L . .
0 100 200 300 0 100
x (m)

(a) CoP-MADDPG

x (m)

(b) MADDPG %1

300 TN o)
250 | M 2k}
200 el BE SRR | AABLS 00|
Esof Eis0t
~ ~
100 f 100}
50 D il
0F h
X X X X -
0 100 200 © 300
R
\- N
s (d) MAA3C 3%
.

200

100 300
x (m)
(c) MAPPO 3%

300 0 200

=sol T
0_ .-l

200 300
x (m)
(e) MAAC 3%

0 100

K3 AP TR El

522 BT ANEIE 2] 20 2 nh Hh 25 1A

A bR 0 75 0S8k DA % ] I IS8 2 3T R
4 FEAR[E 2 S R R 2R 1, o LA 3R Actor
W25 2 3] 3 LC o Critic W42 ) 3 W F Al LR
Hi, 24 Actor P25 127 >] 1 Critic 4% 124 21 R IR
0.000 1 I, 22 {E 7E-80 PRI fZ 5, TLiEWLEh. 4 Actor
IR 28 [ 2 2] 220 Critic P28 11125 ] 2 304 0.001 B, 2%
JIEAE 2 000 [al& 2 A TH RS, A&l ®-30 .

208 A% Software TechniquesAlgorithm

24 Actor W 4% 2% =) 22 F1 Critic 4% ()% 51 1 N
0.01 B, 2ZJFHETE 1000 [B4 BT T A USSR, f ZEUResk
FI-10 Bk, @kt 4 5087, 7T RAARHE5 8 2 Actor
IR 28 ) % 3] SN Critic (4% 15 21 R 15974 0.01 B, AT
DASRAS G AW SI0 P RS S M.
5.2.3  BEEFASEATHIE 7 (0-F-2 25 il it 28 1

T DAy FH SR 4 2R Sk 2 Jal X >4 1T 22 Jal 4 1) 52
M), B R 3 E R Ut - 7 B RE S ISR A AT HE R AT A

© MEREEBIK T

http://www.c-s-a.org.cn



20234F 5324 111

http://www.c-s-a.org.cn

i H AR SN A

oK. B S AR E 7 T 2t 2 B, 4y =03
I, 2B AE-80 7o 43 B T ANIREKL, 4y = 0.6, 22l E
1 2 000 [ & 72 A USSR, B W50 i fq, Yy =
0.8, 2 FIMELE 1800 [Hl5 72 45 FF AR 8K, A Uk B
=40 fifq, My = 0.950F, ZEMELE 1 000 [Bl & /4 IFaR
s, e saB-10 £ 4. B AR IR T T
2B AW SIOH B RIS S, wT AR HE 4518 My = 0.95
T PR WS S5 T A A R D, AT S 2 A v .

0 F

AL
L
(=1
(=]

—e— LA=0.001, LC=0.001
—— LA=0.01, LC=0.01
—— LA=0.0001, LC=0.0001

-175 + %%

200 b, . .
.
0 %2000 4000 6000 8000 10000
L]
5 ()

B4 TR RIS

oF
_20 -
—40
=
% 60 |
.
—80
—100 | ouyNs —— y=0.95
- y=0.8
-120 —— y=0.3

0 2000 4000 6000 8000 10000
£ (1)

Es ETARYHEFAREE
¥

524 RS G R T S A L

P 6 A S N k1 S AL L, A
FETLLE S AR A WSS, MAA3C fil MAAC
HE W SIOR B, USSR B /N, MAPPO, MADDPG
SOEAASCEEAA L, 3 A SEERLE 1000 814 76 471
S, L A S AR TR T WAL SR G 75 F LA B A 0 LUK
S0 R e A I X 6 TR I 4B LB, BRAE T AR
ST P 5 A R

] 7 A S B 5 v B 1 T A LT 2 et L
&, BT LU H MAAC B3R I 2t R T AL
BRI 55% EARME] T 60% 4. MAA3C HiZ:

TEINGRISFE R T ANLE T 50% 22 A2 T 65%
4. MADDPG HIEAE I Zhid F2 oh 8 A WL 55 R M
58% W IN%F| 85% A . MAPPO HikfEIZrid FE b
NHUAE S5 M 62% HINE 85% 7oA. A SCEIETE I
MR T AN 55 R 60% A2 ABEINE] T 90% £ A,
AT 90% Ao AT AR ISR, 3@t i 7 #4740 #r, T
DI A8 A SCEEAE I GRS AR R ML A 90%
Fe A BT 28 i B IR 5%, FEARSIIL T b 2 0S4

—— MADDPG $i%
-120 —— CoP-MADDPG %7 —s— MAA3C 5k
—— MAAC $i%

—¥— MAPPO %

0T 2000 4000 6000 8000 10000
& ()
Ko HTARFZNZE
90t

x©
S
T

—— MADDPG Hi% —¥— MAPPO Hi%
—— CoP-MADDPG #ii%: —m— MAA3C 5k
—— MAAC 5%

TNNE G (%)
1
(=}

(=N
S
T

W
=]
'l

0 2 000 4 000 6 000 8000 10000
F (M)

7 EANE SR

52.5 MEREOHT

Hb THI 7% ) 24 i 1B S A7) 1) 0 7E S B3 55 b vl e
FEANE 52 . R, A SCE R A 20 B E St R 2
AR AR . B 8 LR T 5 Fh VA AE AN [F 3l ¢ i B =
THRIVERE. 8 HR R IR, GEIR R RERE S B 5h & o A pk
TE L, 3 2 R 9 04 110 A% ik B2 R0 o A AL P Ak 3 1 2
52 It A5 b T 4 o B0 ARG i R R B9 BT S
FEVETEA AR IS ECE NI ERE. B 9 Tk 20
TR, A BE A RS RISE N, o AN T Gt
WETT T By, HHLshtE B2 N R, Rk, seERl
I At 22kl I I 9 R S T LG Y AR
P B EEAE SR R ANLAE AT IR P T e B

Software TechniquesAlgorithm #1F4 AR« 5%: 209

© TEREBIK R

http://www.c-s-a.org.cn



i E RSN

http://www.c-s-a.org.cn

2023 4F 45324 H 111

FERREFRE, I0AUE T A UL A 2k, MAAC VLR
B IR FIRERE, A AC SHVEAEAE 23 B B 2% v,
ey B T 1) ) R 7 S B R REAE 77 THT; MAA3C ik
T MAAC 532, A3C Bk R Al BOR A7 it 25 () A7
fifi I3 SR 2R 56, KK IR T SRR BE, R R+ A Fe e,
W9 28 3 LA S MAPPO B9l MADDPG &y fEAR
i HAR T MAA3C 5%, DDPG Hik IR R IR B 7 3%
AR A%, LT S 28 56 b v ik ERCECHE 1 7 7 5 3
WEiBg BT, PPO BykIEfa e s 2 T2
T, BBV ) & 2% BEROK, DR, X P AR B35 2
T U S I AE B A BEAE. A SCHVE/E MADDPG B
(A E A8 52 A 0 S 21 Tk G B it At HCER AR
DASRAS 5N F R 22 56, (645 I 2ok 5 AR e PR S 2

T SET, Bk, AR SCRR AN B AT S HE SR A L

FA AR E R A RE

-

400 F _y— MAPPO %19

—m— MAA3C 5i%

350 | —— MAAC Hi%

—e— MADDPG #i%
— CoP-MADDPG 7%

~ 300 -

5
=250t
o

200

150 ¢

100 £ L L L L L L L L
100 150 200 250 300 350 400 450 500

s ()

(a) SR ZE
350 F
325
300 |
’g 275
¥ 250
=2
m 225
200 ¢ —— MAPPO 5i%:
—a— MAA3C 51k
175 + —— MAAC 5%
—e— MADDPG 5%
150 —— CoP-MADDPG #i:

100 150 200 250 300 350 400 450 500
B S (1)
(b) Kt #E

B8 T AR Bk i £2 2h 2 3 (1 1k BE 2 B

6 Mgk
AR X 7 5 ST T 2 MU B R 3k
ST R G | TR B AR 4 AT 4 D 4

JSL TG AHLHEAT AL 2, FE 4 MEC JIR 454 1 78 A HLTE

210 #AfHARH % Software TechniquesAlgorithm

SR B LT, T BN B I SERTREFE 9 BT T
B 2 iR MR 55 A SR T8 73 AT L5 L ZRK A R ek
SRR R GRRBEAT 2, H KA CoP-MADDPG
SESR AR A AR R A R AR, 2518 B2 S0 i APIRAS, A
PR A T E AR, Kb, Baiteg
BLFE SE T 3L B [ R AR S8 A JE T TD-error KRG
P T HEAERRY], A SCFER A ANLE 5%
B O0T HoAtn Sl 53, A2 BEAT AT PO AT 55 S8 28K
AL R A A PERE. ¢\

&
L

—— MAPPO fii%
250 —=— MAA3C 51i%
i —— MAAC ik
—e— MADDPG 5
i —— CoP-MADDPG #i7%
\ 200+
= 150 +
&
100
50 +
2 3 4 5 6
BERFAE (1)
(a) SR ZE
—— MAPPO 5%
300 —=— MAA3C iﬁif
—— MAAC 5%
—e— MADDPG 5%
250 | —»— CoP-MADDPG 5%
g
% 200
o
150 +
1001 .
\_. 2 3 4 5 6
» BRI (4

(b) M HEEFE

9 ETAFHEREGYIERED

SE 30k

18, PRI, — MRk T 2 B e A IR 2 A1 2R B o 22 1 45
HE AN AR SRR, 2021, 31(12): 4549, 77.

2 MRHF T, GR35, (M, 5. 2T 2 B B IRIR B sk 2 ST 1Y
PR RARST Y LT i IR 5421 °# 4], 2023, 9(1): 93-102.

3 Kiran BR, Sobh I, Talpaert V, et al. Deep reinforcement
learning for autonomous driving: A survey. IEEE
Transactions on Intelligent Transportation Systems, 2022,
23(6): 4909-4926. [doi: 10.1109/TITS.2021.3054625]

4 Ye YJ, Tang Y, Wang HY, et al. A scalable privacy-
preserving multi-agent deep reinforcement learning approach

for large-scale peer-to-peer transactive energy trading. IEEE

© TEREBIK R

http://www.c-s-a.org.cn


http://dx.doi.org/10.1109/TITS.2021.3054625

20234F 55324 111

http://www.c-s-a.org.cn

i H AR SN A

W

oo}

10

1

—

12

13

14

15

Transactions on Smart Grid, 2021, 12(6): 5185-5200. [doi: 10.
1109/TSG.2021.3103917]

Zhang Y, Yang QY, An D, et al. Multistep multiagent
reinforcement learning for optimal energy schedule strategy
of charging stations in smart grid. IEEE Transactions on
Cybernetics, 2023, 53(7): 4292-4305. [doi: 10.1109/TCYB.
2022.3165074]

You XY, Li XJ, Xu YD, et al. Toward packet routing with
fully distributed multiagent deep reinforcement learning.
IEEE Transactions on Systems, Man, and Cybernetics:
Systems, 2022, 52(2): 855-868. [doi: 10.1109/TSMC.2020.30
12832]

Sacco A, Esposito F, Marchetto G, et al. Sustainable task
offloading in UAV networks via multi-agent reinforcement
learning. IEEE Transactions on Vehicular Technology, 2021,
70(5): 5003-5015. [doi: 10.1109/TVT.2021.3074304]

Zhang JD, Yang QM, Shi GQ, et al. UAV cooperative air
combat maneuver decision based § on rﬁulti-agent
reinforcement learning. Journal lof Syétems Engineering and
Electronics, 2021, 32(6): 1421-1438. [doi: 10.23919/JSEE.20
21.000121]

D5 FL. 3T 2 8 BB 0 AR R DR A0 27 21 1 22 8 e A4 By
PRSI T [ AL 200850 ). A E: S AETAL R, 2021.
BREAE. T AL 2T B 2 B e A W 1R SCBROR B B AT
Fo [ 2RI 1. FBIH: Sl SR B AR, 2021,
Jiang YY, Mao YX, Wu GX, et al. A collaborative
optimization strategy for computing offloading and resource
allocation based on multi-agent deep reinforcement learning.
Computers and Electrical Engineering, 2022, 103: 108278.
[doi: 10.1016/j.compeleceng.2022.108278]

Wu GW, Xu ZQ, Zhang H, et al. Multi-agent DRL for joint
completion delay and energy consumption with queuing
theory in MEC-based IloT.
Distributed Computing, 2023, 176: 80-94. [doi: 10.1016/j.jp
dc.2023.02.008] .‘ .

Seid AM, Boateng GO, Mareri B, et ai. Multi-agent DRL for
task offloading and * resoufce allocation in multi-UAV
enabled IoT edge network. IEEE Transactions on Network
and Service Management, 2021, 18(4): 4531-4547. [doi: 10.11
09/TNSM.2021.3096673]

Zhou H, Long YS, Gong SM, et al. Hierarchical multi-agent
deep reinforcement learning for energy-efficient hybrid
computation offloading. IEEE Transactions on Vehicular
Technology, 2023, 72(1): 986-1001. [doi: 10.1109/TVT.2022.
3202525]

Seid AM, Lu JF, Abishu HN, et al. Blockchain-enabled task
offloading with energy harvesting in multi-UAV-assisted IoT
networks: A multi-agent DRL approach. IEEE Journal on

Journal of Parallel and" '

17

18

19

20

21

22

23

24

25

26

Selected Areas in 2022,
3517-3532. [doi: 10.1109/JSAC.2022.3213352]
Xue JB, Wu QQ, Zhang HJ. Cost optimization of UAV-MEC
network calculation offloading: A multi-agent reinforcement
learning method. Ad Hoc Networks, 2022, 136: 102981.
[doi: 10.1016/j.adhoc.2022.102981]

Li YL, Liang L, Fu JL, et al. Multiagent reinforcement

Communications, 40(12):

learning for task offloading of space/aerial-assisted edge
computing. Security and Communication Networks, 2022,
2022: 4193365. _

Cheng ZP, Liwang MH, Chen N; et‘al. Deep reinforcement
learning-based joint task and enmergy offloading in UAV-
aided  6G | fntelligent edge Computer
Co\mmuni‘caﬁons, 2022, 192: 234-244. [doi: 10.1016/j.com
com.2022.06.017]

Zhao XH, Jiang HL, An CY, ef al. A method of multi-UAV
cooperative task assignment based on reinforcement learning.
Mobile Information Systems, 2022, 2022: 1147819.

Dai ZJ, Zhang Y, Zhang WC, et al. A multi-agent
UAV

deployment and resource allocation. IEEE Transactions on

networks.

collaborative environment learning method for
Signal and Information Processing over Networks, 2022, 8:
120-130. [doi: 10.1109/TSIPN.2022.3150911]

Wang GY, Yu XB, Xu FC, et al. Task offloading and
resource allocation for UAV-assisted mobile edge computing
with imperfect channel estimation over Rician fading
channels. EURASIP Journal on Wireless Communications
and Networking, 2020, 2020(1): 169? ‘“[d(')i: 10.1186/513638-
020-01780-8]

VBN, 4 BT MRy 4. IG5 TR B ADC i
ERBEMIMO R ZEM 1 fE 43T {5 5 b HE, 2022, 38(9):
1903—-1911. [doi: 10.16798/j.issn.1003-0530.2022.09.013]
Del Prete S, Fuschini F, Barbiroli M. A study on secret key
rate in wideband rice channel. Electronics, 2022, 11(17):
2772. [doi: 10.3390/electronics11172772]

Hajri N, Khedhiri R, Youssef N. On selection combining
diversity in dual-hop relaying systems over double rice
channels: Fade statistics and performance analysis. IEEE
Access, 2020, 8: 72188-72203. [doi: 10.1109/ACCESS.2020.
2986142]

Qie H, Shi DX, Shen TL, et al. Joint optimization of multi-
UAV target assignment and path planning based on multi-
agent reinforcement learning. IEEE Access, 2019, 7:
146264-146272. [doi: 10.1109/ACCESS.2019.2943253]
U, ML, TN, 55, 2T MADDPG % 5 AHL
FAES 5. FRL2ER, 2021, 42(6): 757-765.

(B e FhEHE)

Software TechniquesAlgorithm FX AR H% 211

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://dx.doi.org/10.1109/TSG.2021.3103917
http://dx.doi.org/10.1109/TSG.2021.3103917
http://dx.doi.org/10.1109/TCYB.2022.3165074
http://dx.doi.org/10.1109/TCYB.2022.3165074
http://dx.doi.org/10.1109/TSMC.2020.3012832
http://dx.doi.org/10.1109/TSMC.2020.3012832
http://dx.doi.org/10.1109/TVT.2021.3074304
http://dx.doi.org/10.23919/JSEE.2021.000121
http://dx.doi.org/10.23919/JSEE.2021.000121
http://dx.doi.org/10.1016/j.compeleceng.2022.108278
http://dx.doi.org/10.1016/j.jpdc.2023.02.008
http://dx.doi.org/10.1016/j.jpdc.2023.02.008
http://dx.doi.org/10.1109/TNSM.2021.3096673
http://dx.doi.org/10.1109/TNSM.2021.3096673
http://dx.doi.org/10.1109/TVT.2022.3202525
http://dx.doi.org/10.1109/TVT.2022.3202525
http://dx.doi.org/10.1109/JSAC.2022.3213352
http://dx.doi.org/10.1016/j.adhoc.2022.102981
http://dx.doi.org/10.1016/j.comcom.2022.06.017
http://dx.doi.org/10.1016/j.comcom.2022.06.017
http://dx.doi.org/10.1109/TSIPN.2022.3150911
http://dx.doi.org/10.1186/s13638-020-01780-8
http://dx.doi.org/10.1186/s13638-020-01780-8
http://dx.doi.org/10.16798/j.issn.1003-0530.2022.09.013
http://dx.doi.org/10.3390/electronics11172772
http://dx.doi.org/10.1109/ACCESS.2020.2986142
http://dx.doi.org/10.1109/ACCESS.2020.2986142
http://dx.doi.org/10.1109/ACCESS.2019.2943253

	1 引言
	2 相关工作
	3 网络模型
	3.1 系统模型
	3.2 计算模型
	3.3 无人机运动模型
	3.4 问题描述

	4 CoP-MADDPG算法
	4.1 MADDPG算法
	4.2 构建POMDP
	4.3 CoP-MADDPG算法

	5 仿真实验
	5.1 参数设置
	5.2 仿真结果
	5.2.1 无人机分布示意图
	5.2.2 基于不同学习率的奖励曲线图
	5.2.3 基于不同折扣因子的平均奖励曲线图
	5.2.4 本文算法与基准算法平均奖励和概率对比图
	5.2.5 性能分析


	6 总结
	参考文献



