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Abstract: The vertical handover policy of space-air-ground integrated cyber-physical systems based on deep reinforce-
ment learning was studied, in which the challenges of complicated network model and difficulties in acquiring prior
knowledge for network topology and model were addressed. By jointly taking the system stability, handover cost and
network-using cost into account, the vertical handover policy problem was modeled as a constraint Markov decision pro-
cess (CMDP), and a sufficient condition to ensure the existence of a feasible solution was derived. Furthermore, a
constraint-proximal policy optimization (CPPO) algorithm was proposed to solve the CMDP, and also the distributed
learning scheme at base station sides was introduced to accelerate the speed of converging. Simulation results verify the
validation and superiority of the proposed vertical handover policy as compared with the baselines.
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t=1
it 3 M H AR B L () AOLAL A B IR 25
il FLARAG AR IR B pR B il T SE IR, WX (27) AT
B
L(Op)=L,(0)+p(o—J")=
;,ti(min {rate(t,0)A°(t),max { min

{rate(2,0),1 T w },1 —w} A°(t)) + wo =
(=L ,.(0)) +yo
Hr, A1) = A(t) -y (a,)
7 18 B P 25 1 I BCAS I 52, HARBRELL , (6)
AN
L.(0) —;til(min {rate(2,0)A°(¢t),
max { min { rate(£,0),1 +w },1 —w} A°(¢))
RAE RGO 51, @i S E 0y LK
WLOy), MIMIRG R E BV 7,0 45 5E
w(k)=0. 0(k)Fl (k)RR ERERIET
T R A 2R B V)R RS W % SO HE N 28 =
#, BAiEREREWmNGHATR.
O(k+1)=[0(k) +n,V,(-L (0))]
y(k+1)=w(k)-n,(c-J%)
p(k+1)=9(k)-n,V,(Lc(9)) (1)
Hrb, ng o, M, 3HNBEO. o My H5E 25K
[~ ] AR E T, il B R R
AR FREAR R R, B CPPO BLL SR 2 K
— PR X 2545 2 W EE 2 G D) 6 SR 0 B0
Fr7R o
BHiR1 BT CPPO BHIE KM 2 R — 4k
28545 B R G H )45 SR
E SNSRI EH N, RGP IREK, WIthi 2%
X, g, n, My, J0ET L, EETIHR
HUE N2 H0 0, IMEMNLSSH o FITETT R 5Ly
1) for n=1:1:N
2)  PATHEEVIHEIE (] - .0,4)
3)  BAFEI(5,,a,8, . | Rjme(a,))s FHAENGE
X
4)  WEA()IFFANEMNX
5) fork=1:1:K
6) RGO TEH S 0w
7) end for

(29)

(30)
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8) w(n+1l)<—[y(n)-n,(c-J%)]

9) end for
3.2 ETFDCPPOMIZERih—IA L ME(EEMIER
G EE IR REE

N T I ZGISOF e R GiRa e v, A0k
TR HEEE A s S HLE 51N CPPO 5V
T 1y At 302 - i SR i A6 (DCPPO, distrib-
uted constraint-proximal policy optimization) &% Il
T A R — AR AL W 2% 45 S P 2R 4t 3 L) 46 SRS Ui
She BARCKUE, @i 5N — A ATAESL I (BRI
AL APPSR TR YIZREAE oA sk
FEOHELE, AT SACHIAR L A 55 A MD 3 5 7% 5|
Fuh, R T MD TR UE. BAN, SR
B ER: 2 A MD, H 1% L8 MD AR 21 1) 204 i 47 21
Al —fF s Ma], IR BEN LI — € B Ak 5
AR . o AR BELIE RN . DR H ]
FARIE S A EA T ZRIR R AR A, i AT
S R G AR e IR I ZRU 8L

5£ T DCPPO S92 3K AR 78 R M — AR AL M 2545 2.
Y22 2 Gt 3 B U0 SRS ) SEBLRAE N . O [RI I &F
FHRBOY W MD, HAIGE I Z) B A H (R 5 B )
e TG ) 28 R AEL DA 2% 5 () Fk 3l 7 T3¢ 1) e 1) 7
1Py 54 MD R FTISCSR 1 B EA%, JF A A 3
F AU EORHOBA B (R 3 ) H6 SR ) £ A
I AE IR 48 BB BEARL) , SR K 3L Bk = s )
W QA ARMBERIL)E, PR SRITHE
ENTHFME, SBEREHEIFEHME (B
e B SR IE I 2 AANE N 2% ) ;. @rp a2z 288 T
KEH G N S B g B MD, AW PER L L
TR EZR IR

EAERMZ, DCPPO F ¥ H 5 A Hhsfi
(R4 55 M\ MID i 4 o 380 Rl TR0 P s e 8,
MD i K [ AANIEE AR, R MDIEE T S
SR AT ST 18] ) 2k 28 5 B SIS s A RE T 2
AN DR, BB BFIRETIR, AR
257 21 R R R ER AN 73 BT B MID JE A T 51 Y
sttt . shAh, MD 5E 2 (AT
B A WOTROATRE, B, RIS 7 o Y
2 5543 A7 302 21 1 548 MID TCvobs B AL ik 4 1% 0
uli, %R S PR 2 5 231 305 31 MD 2CH #s
b, Xy EaRR I R B B S i it
TR 4 JR) T SRR

33 BAEERESH

RS SR S R E A S SR UIRES =
f]. ZfEA], IR GH DA D BREORT I 2% 25
A . WG — N S B B E AL B LA
L, MHZAE 5 FPRE S BRI EE A K. A
SCHTHR AT CPPO SR fiff 23 K b — 1A 4k W 215 B A 3
TG0 T L) 0 5 W B T SRS X 4 A M N % S
¥, MEMZIEE M M%S5, NGEESECNN,
AL BB K, R EREN ON XK
M" x M* x L), DCPPO 5 i% /& CPPO 5% 1) 43 i
A, FIHZ MD R IR & R Gk M Fmn
UL SGE . DCPPO Bk A Jfi /2 CPPO B2 (1 9
TS, MEEREWNRNON XK x MY *x M x
L).

4 HESH

AR R AR ST TR 3R A R — A 2%
5 R R G0 2 B Y4 SR 1) DCPPO S 1A 2%
PERR AR AT T R S050, XFH T &40 28
B 5 0 R 2 I DCPPO Bk o fa e v Uk
ST IR 35) IR 28 45 FH SOAS R 20 R RR, HELER
T CPPO Bik. 2T AHh*% 5] ) DCPPO % 5 A&
S ) 3 A7 2% ST (0 DCPPO BVEMERE . Hivk,
MR AN A% 2 AN PEREFR AR AT, AL
FmE (IR R Geke e FO 2 S AR 2D 5
TS RIS AT T LA (I e N AR AR g T D) 4%
N .
41 HERE

17 BSR4 2 700 m i B X3, 1% [
T DX I AL 25 9 N b i 3 A 6 2 e B E AL, %
X3 R EAE . BT E 8 i MD
IR FHBEHLAT A A P2 A e MD J2 B 308

AR T i T B 3 22 2B E 1 B 20 m IRE 5 55 T,
UAV (12 B N0 m. 158 B I RN 48 Rl 25 B R 254 1)
W5 BN20 MHz, {55 KM TIZEN200 mW, ML)
P A-130 dBm/Hz, #RdieE/92000MHz T2 2%
8] 564 150 Mbit/s, [FIEAZERI{E¢ = 120 Mbit/s.
DA b 3 X 2% 1R A AR 20 iR e (@, = 1) = 0.3,
Joe(@,=2)=0.9 M j (a,=3)=27 VI # I &
Jne(@,) = 1o MDAEBIHSELE 5~12 m/s 2 [AHLFEHLE

HEZENZSHEBEWNT . WEHBHE
A=[11,0;1,08] #=HIFEMEB=[2;1], WEHFLE
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C=[09,0;0,09] R&GMFHEMIWTZEQ,=[0.3;0.3]
DA 05 M 7S R H 7 22 Q. =10.25 0.2]. @IS A
FARERT LSRG ¢ ~ 0.174, NIRERTATIREIAALE, 5
JEF o>, (a,=3)=0.4698, 7 L% E M L%l
HBATE 0 = 1.20.

REEBAE SO E T . W BRI 4N
SRS, OEMNE. 3 DEIERRREZE M
W= WAL SIRESRESEAILE . &4
K2 46 512 /M4 o6, 8 H ReLU 1 90 R
B i EAE 4NMETE, SR AT REIBIE,
15 Softmax /£ Jofir 20 R A IMEM I E S
RGNS KA, AFE TR 2 —4E. Siefi
Xavier YJIH WA E AR B, Adam 1L 8 AT UIZ.
T R By MY E B E 0.1, 2%y, BWEN
0.001, EARGRAS: ] HVEM S EINR 1R,

*1 BUAFIEENSHRE

BH WEE
n, 0.000 1
g 0.000 1

A 0.99
At Adam
e s 5000
PUEZREIRE 3 4000

o, 0.7

a, 0.3

4.2 DCPPOELIHAE

SRS R — PR AL 405 B EE R G 3 B V)i
SN 5]} P2 N, B 1 AR ST iR DCPPO $i%
AT DU OUE R B Q 4% (DDQN, double deep
Q-network) F LRI £ 8 S5 ws A /L (CPO, con-
strained policy optimization) HikP4, 4k, Frig
DCPPO HiE RGN R w WIS AT Hr. Bk, &
WK i f DCPPO 3% 5 DDQN 5. CPO Bk
li] 5 7 51 AR By B R A SRR AT T X,
o] g 2551 R By 70l B E N 0.5 710.6.

B2 JER T AN A B2 R AR A B )N 25 BT 45 1
AE DL . FTUUR I, ARSCHTHERT w il B S R
DCPPO HiEAE N 2555 200 [0 & B TR a5 Uc 8, ELI
R AL N Ra s, DDQNER sttt 52
Y, CPORIEISRRE IR 2, [ &1 Ry 5
S MR 22, (£ 4 000 [8] 4 P i ARSI

— Jii#DCPPO (w] Zh 55 #)
—— CPO

DDQN

DCPPO (y=0.5)

——- DCPPO (y=0.6)

2000 3000
P2 &5

2 ANIFVERIE FAR S A B I 2R 1] S R AR AL L

1000 4000

K3 IR T AN [A) B0 35 X 2% A i A B 1 25
] H ) AR s L, KA S i o =
1.20 (4.1 FiprRiz i AR S RgitaE, HiT
fRAFAE) . WTLLESR], BT v shSEHN
DCPPO i i 28 e % 5 4 F oA of FH L h 28
11 7 A1 4 56 1 2 P e FH e A 1038 25 468 FH s A 9 F Tl
M2k, w54 0.5 DCPPO BV 154 F AR
JELE2.7, DDQNFEFIM AL 1.5, AN
AW . w 0.6 ) DCPPO HiL M CPO 5k B AR
B2 F AIS TP, (R IBCRE 2 7] 50, Hulk
SICHEPE AR R 22 . X R RINTETT Ry FEAH
R, W 0.5 MEEMET KRB E RN, A
REXT N ZRE BI A LR, FEUEFRE S E) K ik
TEMR RS, REWSoRER. Haefe, H
AR R BEAN0.6, BEIRTEFH T AA UL
W, (HEFEEMEREEIAE 2 . DDQN HiZH| FH 446 A
ORI 52 Q H bR B BARI SRR R I R 47, (HIA
AR b2 e AT R AL SEEIGRd R T
AERAR I HO I LR T BE s T CPO BI 1 2 R4 il
RO EAR 5 DCPPO S Y, {HCPO KL
R BEWEREREAR, PUESORASE RS
it LAAEXT DCPPO B2 58 e, HUKSIGEENE . &
SCHREH ) w AT B A B T DCPPO Sk SR A 1] &
THERLIR S 24048 F RS J SR AR 50 R B, A7 ok
AT FH P 2 I B2k, HgRid R infase .
43 DCPPO I\ EF IMERMME M

DR IR AR ST I B 43 A 3K SO HE SR R R A B
P, AT F H DCPPO 5L K fil vl @ P2, JF MER
TEME USSR R 2 A RS 1 2 R T T
5 H DPPO),  CPPO 52 fift ¥ Iv) 8 P2 i i3 47 %t
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B HEA H 2 3] 38 3 TR 01 () DCPPO AH L, HE
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3.0
25 — FiEDCPPO (yr] ZhZS )
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AT AR B, ARSCHT R 43 A SUHE 2 1) 5% DCPPO
SR AR P 2 LU 8 SR AE R 2028 500 581 2l 5 1
Aeik B, CPPO HIEAE KZIEE 2 000 %6 Il 25 [
B A B RNLEL, DPPO Sk (e K L5 800 561l 2k
(o] A PSS, R DL A S Pl S AE R0 Wi S5 B F T
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ftEBL . ATCAREL, BAR 3 FhAREBEE I 4l &5
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BN, (HA ST DCPPO 595 1 Wi S0 F& A
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28 A% A2 SR AR 52 PR R AR SCHE HE 1) 40 AT G HE
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ARG EHY)#ms (B DCPPO &k H o4 A 1
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Jite, DR, F O E S CMDP SiE S L — AN 3
HEH L2627,

H5EE X2 AN EEARNR, 2 A VIR A )
PR, by K — R M5 B R SR
I EL )4 SRR 1 R
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AR, Cap (1) NN BRIVEIE A &,
SRS TE]

K2R T MD {ERS Bl B X 18] A A SO
& SRLV2 A BT 0 B SRS B 2 U R AR AR R
(AHFRR, average vertical handover frequency reduc-
tion rate) A1F 351 e WK 2 T+ (AHEIR, aver-
age vertical handover efficiency improvement rate) -
A, AHFRRE LA
F, DCPPO(/ = 0.99) _ F, other

Fh other

JUrp, F, DOPPOU O i o0 43 )y SR
ANHABR LE SRR R 2 Ui . S84, AHEIR
E XA

AHEIR =1

BV

AHFRR = - x 100% (34)

DCPPO(/ = 0.99) _ . other

T % 100%

(33)

other

Horr, pPCrPOU= O R yother 3 ) Sy A SC P i SV AN
oA LESVERF VI . X, F, o Ryt
NP BB AR F AR A SR T T R EU A v
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