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Abstract: A novel approach is proposed to integrate the Detection and Avoidance Alerting Logic for Unmanned
Aircraft Systems (DAIDALUS) with the Markov Decision Process (MDP) to address the decision-making
challenges associated with collision avoidance in Unmanned Aerial Vehicle (UAV) Detection and Avoidance
(DAA) systems. The guidance logic inherent in the DAIDALUS algorithm is utilized to compute drone collision
avoidance strategies based on the current state space. These strategies are subsequently employed as the action
space for the MDP, with suitable reward functions and state transition probabilities defined to establish an
MDP model. The model is then used to investigate the effects of various discount factors on the UAV flight
collision avoidance process. The simulation results show that compared to DAIDALUS, the efficiency of this
method has increased by 27.2%;when the discount factor is set to 0.99, it can balance long-term and short-term
returns; The net intrusion rate is 5.8%, and the closest distance between the threatening aircraft and the local
aircraft is 343 meters, which can meet the requirements of collision avoidance during drone flight.

Key words: UAV systems; Detect and Avoid (DAA); Markov Decision Process (MDP); Reward function

ks F1393: 2024-06-19; Sl FIH: 2024-09-07; 4% HHAR:  2024-09-28

MEEFEE: BHR tangxkinmin@nuaa.edu.cn

BEWH: EEKERE RS (52072174, 61773202), 0 RO T8 2 B BLIR FH AR 23 1847 1 45 8200 3 P iR 4 (CAMICKF 1 J-2019-04)
Foundation Items: The National Natural Science Foundation of China (52072174, 61773202), The Open Fund for the Key Laboratory of
Civil Aviation General Aviation Operations of China Civil Aviation Management Cadre College (CAMICKFJJ-2019-04)


http://radars.ie.ac.cn/CN/10.11999/JEIT240503
mailto:tangxinmin@nuaa.edu.cn

2 G

& B

IS AT %

1 5l

Ak, B R Z25 R R AT AL AR K
R B, IR R SRR, ARk A K H
AL, SCHR[1)ER T AN AN I8 &
A% BHATR AN E & B & pde L o6
AR, e DU R ] RE TGS 1) Ak 1 52 2R AT
%, RMExid SR 2 7o AL Rl 3.

or 5 ke (DAA) 2 T AWLFR S8 ) — AN K
M, DAARGH H A 8 AL a8 A%
SRASH U LE 1) b R BRI, JF RIS M5, DA
K B . SCHR[2-5) RGN 4H T BT PSR AT
M RGN T fE. DAIDALUSH 2 H
% B EH Z i =K 5 (National Aeronautics and
Space Administration, NASA)RFEDAA RSt E
K, BEEH— M AT ARG S e
SCHR[6-8]RMZBEIERAT T 1A 4 . R DA
AR B Ll Sy H AR, SEIG ANLEE & Fh & 2R 30
TR E EZ2EAT . SCHR[9-1 1] X0 % R M
T B G| FIRE BT T IR

1R 22 535 0T ORI i B ) TR SR SRS g AT Bt 7T
SCHR[12] 48 A o S W 06 0T JE AN WL 8 £ AT Ak
B, TR I TR . SCHR [13] 3% T3
R, WA BRIEAE M4 N o AU 55
FEHF AT N SR B ) . (HR X Se BRA T AL AN
e e BEALME B KRR 0 1) R, AR
(RS R SR P2 AN U AR 0o S5 R

SCHR[14,15])H 4 546 5 2] (Reinforcement
Learning, RL) @& ¥ M —ANEE S, FE
T I 2R Re A i 5 3858 (1058 BRI HAT A3k
W&, Dl KA BARAE . B /R A R g i R — Fl
SR 2] Il BRI 7V . SCHR[16,17) 5 T /R Af
T L FE R B HiE R 4 (Airborne Collision
Avoidance System X, ACAS X)#2H 7 XTI AN
I R L . SCRR[18]) 2 T C A b R
%, MBS MRIEIEFATIA, FERE T —FE
053 ATy JR ] PR S R A AR A i . S
BR[19,20]42 8 T — PR 2E ) 77k, wEEZH
REAAR, 70 A EAT BRAT SR B L T AR Al . S
BR[21,22] 2 T 5@k 2 Jrik &t T R AHLSAA )
RFENLH],  FH I IRIR A e . X ELBE T
To AL 1 502 1) e SRS HEAT R R AN AL AL . H2
XK 2 i g B AN R 1 7 S BLTE
NHLR) R, 75 EEAN I 5T DUIE ST I AT Hd #
T, AESEI ARG T EA ISR R G

DAIDALUSHIA MR G R 5 BT,
A RE T 240 AT A A Y R A . X AT RS EL

SRR A AR, T JeE R B 4 R i A0 Al 4
G S o /R ] R P S Ik R R 0 4R B 4 R AR
filt, BEA RO R B R
A K FAMDP S A RDAIDALUSHIEAE T
DML CAT I Hp 1 e e 58 ) 8. R B AN (] 25 )
HDAIDALUS &4t 4 i 148 5 50 2 L MDP [ 3]
fE==1a], W EhEZSTE], BRAKMD Pk AR 1R 2L,
TR AR £, 87 B SIS IR AR
2 FTANURNSEEGE
2.1 DAIDALUSE E#EA
DAIDALUSH X NRALHEAT 125 NAZ W
e A% 5 Hh T #VE N L PR A IS B HLBh 5 215
B IR FE T MRS 2 X2 BN R 8 kR
S X H .
XDAIDALUSHEVE PRI AR T~ : DAIDALUS
LB AT B T B AR B A e AL e S
BAENN . ELSEHR TG, RN
A2 T6] R KPR o B RE 5, Tl v A Lk 36 ) e
[E], SFNEPEHATE S NR W R4 NI KAT
REFE BN BRI e BWEH .
TAHIE G R B KL ATR,
2.2 BTIRA
DO-365BHHE: s X FE7E AT #
(B FE T 25 18], L0 e T A B4 T b R f /)
RSB EHE. MK FAEEYEE L, HEKX
W /N B EEES 4 49081219 mAI137 m, FFik

UL AR HIE IR AL 5

l

RN T

!
RAEGE
NG

e
!

LYok
!

BRI e

Pl
Fm

il

o

(Cax )

K 1 SRR



31

DrBTIREE: — M IE AN AR 5 Lk RS RS TTVE 3

H213 m A EE W E S RE. S22
LeoK P B B2 2 B S I RE R, st KA TN
2. EEEWE2RTR.

EE AHFNEHLHEETE AN AHLEIKF
7 B FNIH BT 7 N s, v, » B B v P AN I O )
HZRIRNN 802 Flv,, 5 NZBLIT KT AL B ATE B 43 731
vy, s AL ZK ST FH G A7 B AT B 53 0 3R o8
S=8,— 8, V=0v,—v;, SHLIHEE A X7 B A
HE NS, = Sop — Sizs Uy = Ups — Uz o

B KA R AR 8, AL A AR AT 7 e
ZI BT 2N

r(t) = ||s + tv]|| = /52 + 2t(s - v) + 202 (1)
BIE PN EAZ T ST 8] ¢ 9

Sv
tcpa(sav) = { _v727v 7& ! (2)
0,v=0
FIK P ML BT 2 B BE B dpa Y
dcpa(S,v) = ||S+tcpa(8,’l)) ’UH (3)
AT 7t IS 2 PR L2 ) PR A T 75
r,(t) = |s. + tv,] (4)

TEFIAH [ v BE (A 1]y

Sz
——, 5,1, <0
teoa = (Szyvz) = Vz (5)
{ -1, s, v, >0
N T A SEbR, BN RMEEATAE IR, KA
,ﬂZIE'fEtmod(Sy U)y‘j

Drygr? — s

_ <0
tm0(1(57v) = SV 5rv (6)

-1, s-v>0

HA, Dryr =1219m, N/KTFHEERME.

2.3 ZiiBEE

2.3.1 RMiZ4E
TR E 5@ sk AR ) 2s , ST SR AE R Fl

PR AT 2SR ASHEE . @K a5 K

— T
~—~— A

—m—m—m
S ———

2 FEFARER

BT, Al AL AT L, R EE e
SE 18— L IR A efr 122 1] 1 58 P P77 T & A5 A A
HENR . PSRRI F, HEREATEEA
(E4iEA

Hyp < Hup”®
—h* <dp <h*

B Jh bR AR T PN 2 e AL 7 BE 05 A R 5T
R R T NI EE AN . 23 R BRI £ 5 T 5
T EBEAIRANT Y, ISR R I Rl
MBS FET H bR T AR AR BB
2.3.2 H£EiT5E

BB T R T NS AN 2 i
FERI P E SRR, HERRNERI], 0~35Hxt
MITE S, Wi, 2 IE SRR AN 23R 2
BHNF LR .
2.3.3 5|%i%%E

DAIDALUSH LN 5] @ 2 1E “AT R iR
Te NNURENS A RS AR R S Jg by, DAZES RAT
GA RGOS

EGMZ AR b, RE0E S EIE 41k
%, CUREBEL AN . EEMEESESH, =
BRI AT AR . X PR AR IR FE 2 R T AL
) H PR AL R A, DA KRR B A R K AT %24
DAIDALUSSL % K 2 W B 1E 00 5 B 28 38 K/
DSCAS T 1) P 52 v
3 ETDAIDALUSEAZRMDPHRAIE T

Ly R A R R SR R 32  TaR — N e AR AE
B B RERE T, A s LUK BIRM H
bro FEAHER AN BHTR o

0 g tmod < trtmd
(7)

x1 BEReHE

EARGG KPR (m) TR ESERE (m) PR AR 7 (s)

Tk >1219 >213 >55

i 4% 1219 213 55

2 IEH 1219 137 55

B 1219 137 25
IRES 2SS

BhR
T 2RSS, ifka T ZPRES S,
B RS B
R P

3 LR AR RS RS A HE S




1 G

f&

AT %

2 %

MDPi# ¥ B — N5 el 4 ik
<S,A,P,RT > (8)

SENIRE R, ARRIMERN, PRFRER
MR, REXIEE, YERIFHHAT. FMR
A 2 1) e o 2 B A B A BT

¥ DAIDALUSH ik e TR E N S
R A Rk F i R sh (s (i, nf DL A —
ANERE CRATRRR R RS, BE AT P Seid 1 wf i
IR AT 42, DABAR RAT 2R A 22 A PR
R,
3.1 RKE=E

REEE ST EAN ST I E . HEA
TG B o B TE A A Bk & BB A 45 v HoAth
AT SR AIBERS A A B AVRAS, LA 5 HO SRk
BERGE E . X E AR T — M IRE A&

T
Si = [xt, Y, 2t, Vth, Vto, heady, Oy, wy]

(9)
b, g, yp, 2050 WIZRINTE LIS Z AR WL 48 B2 26 FE
B EAERR s v, v 23 R I8 TG N MLTES B Z (1) 7K
P EEEE; head, RANAHLIN T H; O, KonliE
S E B HLIREE S HTDAIDALUSH
AT ENGES ST ARG BN, Hw Rt
ZIRARZS -
PR AS 23 (R AT AR AR N
S ={S1,85,-,8,}
Hrb, RSN
ST AARR RIBAT UL, ARIETC ML SE R B
B FL VA2 B B R A B A
3.2 FEZE]
HDAIDALUSHE L B B AE shfE=sm, &
ITHTT LI R DAIDALUS & 3 @i 1 2h 1k,
T 385 T AEMDP A i 2Ub e X Bh 231l
HDAIDALUSE LM @IS ERHAT &I 14
b, DM ENEAS 1] . DAIDALUS ) H8E 55 i ik
SR AN AR ZNE, IEEA N
A" = {ae, @i, Qup, Ado, Gac, Ade |
I3 RN TEAMULE AT I FE s
KR A BRI R .
DATIDALUSHI & 5 i 55 76 AN LB AE 2 (8] e 5
KAWME2HTR .

(10)

(11)
HOE AT

4 WEFHorEE

* 2 HUBSREE- T AN ENESR SRR

DAIDALUSH i 5 1% T AWEE

BRI - I A FEF

BRI - A ey 4
SR - A L7t
BUR T - TR Tk
BT — N [ipcidbES
BT — YR R

A* AR EERE, TRl 2 M 1E4E

ARTBOZTA PR —JTER, LHDAIDALUSHYE
REZNSATHEE. A*5AMKRN
ACA* (12)
BT ES B NERN, IREHBMRAR
AH R AR AR TR S B
3.3 REEBHME
RS2 5 B e 2 5k, Hohim
BRI RRES s M3 fEa, HBIIMAE
AR N RS MR Z RN 1. X 0] DU 0
AXFRN
> P(s'|sa)=1 (13)
VBRS8N kBN ERT S RPIRES, % 3
RS AT E L, REsFHERBPRE s I
P(s"|s,a)&KRN
P(s"|s,a)=1- Z P(s']s,a)

s’ 758”

(14)

3.4 R

A il R BB B SRR T AL 5 BN A R 5E
B T BT N B EE 0. 1% 3 R B T 2 5 T 5
FEEQFEANID, 2 A9INGRETh Kil RE
AT FEUT H bR BRI R 1 T

IR 2 i - 22 Fe ALETE H g3, AT
AR

ry = Kyds (15)

Hrb, rnFRINGRIE ), KoNRE, dRAT
AHLE R RA HBH, BRIAN0, B ANLE B r
Z AN BE B /AN T — R BRIME, AT LA N TE AN
FEH B, B d N1,

fil 48 75 51 Re % 51 5 o AALRIEE M AL B33 1
vy, BEEMHEES N

re = K.d. (16)

Hor, d RRTANR S KA, BAN0, K
ARy, BENL, K NRE



3 DrBTIREE: — M IE AN AR 5 Lk RS RS TTVE 5
FEAT H bR s 2R A T 2 JE A HLEEL B AR A IR ISR AR, W AT L R 55 55 B L R 0 il
MAXEKRN THE. EREIE T, RE K IURZ TR LRIR N
K
= dg (17) Ve(s) = Z r(s,a) +g Z P(s|s,a)V*® (s’>]
Hrp, dyRosBE A GBS, K ONRE aed 5’8

TNNUE AT S, R B L B P S 7
RIBN AL B AR FEI AR, 1 HLAE
PRITEOLS, Ao KA. BEEETHRERT
MWL RATERAR R A A H, BT AN B HL ek s
YRR B AT S 00 MR SCER I Z 4 Bk A3 1
AHLE BB BRERGDAbR, 7T SR TC AN B
MUS BRSO BE B8 D (s), 32817 SR 1542 il R £

r; = exp(aD(s))
Hr, oS

gi L ik, Ao B AN IR, R

S B kR (20) T

T=Ty—Tc.+Tq—T]

(18)

K
= K.y — K.d, + d—t —exp(aD(s)) (19)
d

3.5 #FAEF
PrinAFiEEH YRR, BUEIEEE0RI1Z [A],
FH R e AR D E A s B B . YK,
LR N OGIER AL . BARSREL, ARRAEL
Jih = % A b5k ) s sk (1) 7 ST 0. ol dn, RS ()P
tRAF AL AT
il e MDP AL H by o2 38 2 — A e 1 #1E
FPA, %75 FE AR A I 8] 25 5 B 12 R HUpr] g
1B, DA KA MBS 8] 25 381 21 B KB ] 22 3R N &R
THEL il
N
R = max Z rrplen)

s("*l),s(")

(20)

n=1
Foor, a1 25 Hen — 1 B i SR BRI 20 18
T o R .
VUR 8 J7 2R3 T 4RI A 5 A SRR (8

ADS-Bf5 5 RS

(21)

4 (HEWIESSH

41 HTEHRESHEE
4.1.1 HEFENE

TEREAT U7 5L, AHUA UL A BDIR A B
Al LA Al GNSS (Global Navigation Satellite
System)f5 T HE UL AHLADS-B(Automatic
Dependent Surveillance-Broadcast) {5 Sl R4t
A Rl. GNSSIE S EUL &5 BE 8 BB R U E AHL |
TR, TR GNSS(E S . EANLADS-BfES
B ARG RSEADS-BE S, @il #& sl fE
B (Traffic Information Service — Broadcast,
TIS-B) ¥ &K ADS-BHE &% H 2.

BEARBEADAIDALUSE &G, itk sk
W&, PR MDPRIEREAT K. 07 BB 454
WESHTR .
4.1.2 HRKI

N TR MDPRER AT IRAE, BWE N2 T
arILAF A PSR SR T
FEMRIFA AR TV, BUMHLAS B2 SE A
DFTHEEETRE ) o BORAELE . AR E 730N
(36, 116.45, 0)%(36.15, 116.6, 400) f) 25 3k
AR BEARNLBL A B HL, AHLHUAVO
TR, RATHORANH TR A2 . Lo A
UAVI-UAVAETR, QA &L
TN CAT P BT R 3FT R

BB AT P HUR B A B 6 BT s o
4.1.3 SHIg

R4 P E B AT IR, R R 2 — A BK
A, HRE A2

: : : !
sz b PADSIYS o s gimin ) MDPSIY: —) g
- GNSSH# B e

GNSSf5 S #%

K 5 iR it gk



6 R

2 % AT

L,=RxAp } 22)

Ly = R x AX X cos(yp)

Hrh, A FIANG R REEMAEE L %, L, ALy
RN EERMAE FRFEE, RNHERT A
6371 km, @ N&E. FHESHOKTE SN
16.7 kmA113.5 km, KRIRZS 23 (A1 34T S PR B b
ZEFPRES BN A e, REERIIRIERD)
VEXT B BARZSHEZRH0.05, kSN EXT N HPIRAS
M1 —0.05(k — 1), HAEARIGREEZZIT
FEANEL .

WIS HWRAFTR .
4.2 HEER59H
4.2.1 EiEK

ELIEAR IR AZ O JEARL R B o 3 AT iR A E R 2
Al THE R E T B B PR, AR JE AR R B LA e 3L
PR A . FERIEF, B WIE RS MR 3L

*® 3 WATHIEIRITER

T ML TRAT R 2 KAT L (m)
UAVO 36.03,116.46;36.13,116.57
UAV1  36.04,116.59;36.09,116.52; 36.13,116.46; 200
UAV2  36,116.45;36.07,116.5; 36.12,116.58; 180
UAV3  36.10,116.45;36.08,116.51; 36,116.55; 220
UAV4  36.15,116.48;36.05,116.5; 36.00,116.51; 200
116.56
% 116.52
116.48 |
116.44 | ‘ . . .
35.98 36.02 36.06 36.1 36.14
i
o BMHLL o EBWLI
o BHLIT o LIV
6 UL AT R
4 BEORIE
ZHATK ZHUE
SYEIR A2 ) B B 78 B 100 m, 100 m, 100 m
RS 0.05, 1-0.05(k-1)
IR Ih 3 rh R %L 20
R AE T R AL 20
BB AE T R 0.1
ESUd SRR AE 1
Hrn -+ 0.98, 0.95, 0.9

PG THE, SRJEHRYE DUR 2 &R 7 F2 80 BRIk A
Rl THE, ERUSR B R, JEiR
I B A R B IR R S s
4.2.2 HEDH

AN iESDAIDALUSH LML, AR EH
ORISR, FIDAIDALUSE EMETMDPH
DALDALUSH 5 5% _ESCRr &k 13 50K
AR AR T S H B L AT SR ] T AT R
HT A, AP S BIEL S K AT S EN
20345, N bS8 AT Bk o B 8 8 Bk B
N CATSECN279, WIF T IEARNLS B AL
AT R RS R ARl

DAIDALUSH VBT &y T RV f) ke, 7
Ab B SR 1 BB B R SR, SR, B
b4 R e . 2 TFMDPRIDAIDALUSH
ER AR BE 0 A2 5 ek 51, MDP R LAYE
PRAE 22 4 M 0 R B P4 250, 3 A vk S 36 1 %
bt ARSCEAERCR B3R 17 27.2%.
4.2.3 REMIHT

ANETHI R T RN )20 0 22 AN 2R
Loy mlan ORI E 107~ . f£T = 0.95F17 = 0.9
B, SPEERKBIE RN, EELFR0, 2T K

116.56 |
I
4@\ 116.52 |
116.48 |
11644 | ‘ . .
35.08 36.02 36.06 36.1 36.14
iR
o JMEMHLT e LI e AHL
o JRBPHLIT o LIV
7 BT SR A
116.56 |
—
% 116.52 |
116.48 | \'v
164a b7 ‘ . .
35.08 36.02 36.06 36.1 36.14
B3
o BMHLT o BEHLIT o AWML
o JMAMHLIT o BRIV

] 8 xfEitEs AT g R =



31

Do REE: — MR RARI 5L RS R HTT 1% 7

MU . 4T = 0.990), TRANLIES TIAES KK
WL AR R, P T KIS I s,
DA I 0 75 7 P 4 XU

TN AT ISR, AW B AL PR B ARk
WETLFTZR, AHLS BT B 2 A2 7 B K30/
FAR KRR . AN LB SRR, 55 B L
L.

A5G Bl BB HLIFE B Ak E 120k, |
WM AR RONEE AR, AR FOREEEBE, 4T
ZBMER, RARTAN G X NR . 75 LLE
FEMTIT, #TNRENS8%, BHHLS AL
BT PR 343 mo AT LA R TE AN 24 KATIIELR .

8 L
6 L
o
B 4
K
2 L
0 L
0 50 100 150 200
1=0.98 4=0.95 4=0.9

9 ANFEIHT B T T A 1) 2 22 il

400
350 |
300 |
250
200
150
100
50
0 k

Lehie

P
v=0.98 1=0.95 ¥=0.9

10 AFEFHIE TR & ()28 Rt 22

14 000
12 000
10 000 r
8 000 |
6 000 |
4000 |
2 000 |

0 r

(m)

e
1)

EE”

100 150 200
B

— BT —— BUEALI
— BB —— LIV

11 AL LR B AR

1 000

5000 |
4000 |
2 3000 |
%@ 2000 |
L /\\/
\

0

0 50 100 150 200
T
— B — R
12 AT ML LR R B AR L

5 ZERiE

SRR TN R 2% (A5 rh AT Rl fa it
), I ADAIDALUSHE . $2 7 —Ff
R DAIDALUSH L5 By /R Al Rk S FEAH 45 & (1
RHT7E, FDAIDALUSHILHI$5- 5 508/ AMDP
fshfEasiE), @EISLMDPREA . Bt 2L R4
HIpH, PiEEREY]: (1)@alxf bk, St
AT IRAE R AT DAIDALUSHVE B E,
FERCE B3R 1727.2%: (2)46HF 8 T KIS
Yoo, I EE T 0 R A HDUAEL 5 5% 8] 20 2R i
MR R, REERATMET90.99; (3)FELZHLIHR
W, ATTIRRE AN Z R, 5
LR FF RO 1) 2 4B, 13 S NRRALN5.8%

(BRI 7 50 R 2% 8 SR I IR S D REAE A8 Y
RO, FESEPR VAT, 7 BERE B B AR S R A
SENE, WERERRA . MRS

& E x|

(1] DIEZ-TOMILLO J, ALCARAZ-CALERO J M, and WANG
Qi. Face verification algorithms for UAV applications: An
empirical comparative analysis[J]. Journal of
Communications Software and Systems, 2024, 20(1): 1-12.
doi: 10.24138/JCOMSS-2023-0165.

2] OMERI M, ISUFAJ R, and ORTIZ R M. Quantifying well
clear for autonomous small UAS[J]. IEEE Access, 2022, 10:
68365-68383. doi: 10.1109/ACCESS.2022.3186025.

3] KURU K, PINDER J M, JON WATKINSON B, et al.
Toward mid-air collision-free trajectory for autonomous and
pilot-controlled unmanned aerial vehicles[J]. IEEE Access,
2023, 11: 100323-100342. doi: 10.1109/ACCESS.2023.
3314504.

[4] INCE B, MARTINEZ V C, SELVAM P K, et al. Sense and
avoid considerations for safe sUAS operations in urban
environments[J]. IEEE Aerospace and Electronic Systems
Magazine, 2024, 5(7): 1-16. doi: 10.1109/MAES.2024.
3397269.

6) LEE S, WU M G, and CONE A C. Evaluating


https://doi.org/10.24138/JCOMSS-2023-0165
https://doi.org/10.24138/JCOMSS-2023-0165
https://doi.org/10.24138/JCOMSS-2023-0165
https://doi.org/10.24138/JCOMSS-2023-0165
https://doi.org/10.24138/JCOMSS-2023-0165
https://doi.org/10.1109/ACCESS.2022.3186025
https://doi.org/10.1109/ACCESS.2023.3314504
https://doi.org/10.1109/ACCESS.2023.3314504
https://doi.org/10.1109/MAES.2024.3397269
https://doi.org/10.1109/MAES.2024.3397269

T 5

¥k

AT %

(6]

(7l

(8]

(9]

(10]

(11]

(12]

(13]

(14]

noncooperative detect-and-avoid well clear definitions with
alerting performance and surveillance requirement[J].
Journal of Air Transportation, 2021, 29(4): 171-183. doi:
10.2514/1.D0246.

RTCA. RTCA DO-365B Minimum Operational
Performance Standards (MOPS) for detect and avoid
(DAA) systems|[S]. Washington: RTCA, 2021.
BERNARDES FERNANDES FERREIRA N, MOSCATO
M, TITOLO L, et al. A provably correct floating-point
implementation of well clear avionics concepts[C]. The 23rd
Conference on Formal Methods in Computer-Aided Design,
Wien, Austria, 2023: 37-46. doi: 10.34727/2023/isbn.978-3-
85448-060-0 _32.

RYU J Y, LEE H, and LEE H T. Detect and avoid Al
system model using a deep neural network[C]. 2022
IEEE/ATAA 41st Digital Avionics Systems Conference,
Portsmouth, USA, 2022: 1-8. doi: 10.1109/DASC
55683.2022.9925767.

FHEBL. EANLR G P DAARS KBS A B it Sl [D]. [t
W], BFREKEE, 2022, doi: 10.27005/d.cnki.gdzku.
2022.003399.

GAO Yaqi. Research design and implementation on DAA
module of UAV system[D]. [Master dissertation|, University
of Electronic Science and Technology of China, 2022. doi:
10.27005/d.cnki.gdzku.2022.003399.

DE OLIVEIRA [ R, MATSUMOTO T, MAYNE A, et al.
Analyzing the closed-loop performance of detect-and-avoid
systems[C]. 2023 IEEE 26th International Conference on
Intelligent Transportation Systems, Bilbao, Spain, 2023:
4947-4952. doi: 10.1109/ITSC57777.2023.10422365.

BT E . TEANLER N S i R S i A 5] 2 R 7 (D).
[+, PR RS, 2023. doi: 10.27005/d.cnki.gdzku.
2023.005879.

ZHAO Ningxiao. Research on warning and guidance logic in
detect and avoid of UAV[D]. [Master dissertation],
University of Electronic Science and Technology of China,
2023. doi: 10.27005/d.cnki.gdzku.2023.005879.

LIU Haotian, JIN Jiangfeng, LIU Kun, et al. Research on
UAV air combat maneuver decision based on decision tree
CART algorithm[M]. FU Wenxing, GU Mancang, and NIU
Yifeng. Proceedings of 2022 International Conference on
Autonomous Unmanned Systems (ICAUS 2022). Singapore,
Singapore: Springer, 2023: 2638-2650. doi: 10.1007/978-981-
99-0479-2_243.

HU Shiguang, RU Le, LV Maolong, et al. Evolutionary
game analysis of behaviour strategy for UAV swarm in
communication-constrained environments[J]. IET Control
Theory & Applications, 2024, 18(3): 350-363. doi: 10.1049/
cth2.12602.

CHANG Zheng, DENG Hengwei, YOU Li, et al. Trajectory

design and resource allocation for multi-UAV networks:

[15]

[16]

[17]

[18]

[19]

[20]

21]

22]

Deep reinforcement learning approaches(J]. IEEE
Transactions on Network Science and Engineering, 2023,
10(5): 2940-2951. doi: 10.1109/TNSE.2022.3171600.

SHEN Yang, WANG Xianbing, WANG Huajun, et al. A
dynamic task assignment model for aviation emergency
rescue based on multi-agent reinforcement learning[J].
Journal of Safety Science and Resilience, 2023, 4(3):
284-293. doi: 10.1016/J.JNLSSR.2023.06.001.

KATZ S M, ALVAREZ L E, OWEN M, et al. Collision risk
and operational impact of speed change advisories as
aircraft collision avoidance maneuvers[C]. The ATAA
AVIATION 2022 Forum, Chicago, USA, 2022: 3824. doi:
10.2514/6.2022-3824.

F Akl FLEFTE RGACAS XA TRMESR %t 5528 [D].
i3], PR RS, 2021.

WANG Yunzhao. Design and implementation of TRM
module in airborne collision avoidance system X[D]. [Master
dissertation], University of Electronic Science and
Technology of China, 2021.

HE Donglin, YANG Youzhi, DENG Shengji, et al.
Comparison of collision avoidance logic between ACAS X
and TCAS II in general aviation flight[C]. 2023 IEEE 5th
International Conference on Civil Aviation Safety and
Information Technology, Dali, China, 2023: 568-573. doi:
10.1109/ICCASIT58768.2023.10351533.

RUBI B, MORCEGO B, and PEREZ R. Quadrotor path
following and reactive obstacle avoidance with deep
reinforcement learning[J]. Journal of Intelligent & Robotic
Systems, 2021, 103(4): 62. doi: 10.1007/s10846-021-01491-2.
KATZ S M, JULIAN K D, STRONG C A, et al. Generating
probabilistic safety guarantees for neural network
controllers[J]. Machine Learning, 2023, 112(8): 2903-2931.
doi: 10.1007/s10994-021-06065-9.

MOON C and AHN J. Markov decision process-based
potential field technique for UAV planning[J]. Journal of the
Korean Society for Industrial and Applied Mathematics,
2021, 25(4): 149-161. doi: 10.12941/jksiam.2021.25.149.

LI Ming, BAI He, and KRISHNAMURTHI N. A Markov
decision process for the interaction between autonomous
collision avoidance and delayed pilot commands[J]. IFAC-
PapersOnLine, 2019, 51(34): 378-383. doi: 10.1016/j.ifacol.
2019.01.012.

GFR: B, B, Wi AE @ g s B s R S

St G 51 S 5 R KAWIBITIRS 5288
PR G5E.

e B, BUEA, BRI RSB ANUEE SR To AL
Bk %, Wk, BRI A G Sl T S S RS
EHR: 5, BIBER, WU EDvE S L EAL.

TG DT


https://doi.org/10.2514/1.D0246
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.34727/2023/isbn.978-3-85448-060-0_32
https://doi.org/10.1109/DASC55683.2022.9925767
https://doi.org/10.1109/DASC55683.2022.9925767
https://doi.org/10.27005/d.cnki.gdzku.2022.003399
https://doi.org/10.27005/d.cnki.gdzku.2022.003399
https://doi.org/10.27005/d.cnki.gdzku.2022.003399
https://doi.org/10.1109/ITSC57777.2023.10422365
https://doi.org/10.27005/d.cnki.gdzku.2023.005879
https://doi.org/10.27005/d.cnki.gdzku.2023.005879
https://doi.org/10.27005/d.cnki.gdzku.2023.005879
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1007/978-981-99-0479-2_243
https://doi.org/10.1049/cth2.12602
https://doi.org/10.1049/cth2.12602
https://doi.org/10.1109/TNSE.2022.3171600
https://doi.org/10.1016/J.JNLSSR.2023.06.001
https://doi.org/10.2514/6.2022-3824
https://doi.org/10.2514/6.2022-3824
https://doi.org/10.2514/6.2022-3824
https://doi.org/10.1109/ICCASIT58768.2023.10351533
https://doi.org/10.1007/s10846-021-01491-2
https://doi.org/10.1007/s10846-021-01491-2
https://doi.org/10.1007/s10846-021-01491-2
https://doi.org/10.1007/s10846-021-01491-2
https://doi.org/10.1007/s10846-021-01491-2
https://doi.org/10.1007/s10846-021-01491-2
https://doi.org/10.1007/s10846-021-01491-2
https://doi.org/10.1007/s10994-021-06065-9
https://doi.org/10.1007/s10994-021-06065-9
https://doi.org/10.1007/s10994-021-06065-9
https://doi.org/10.1007/s10994-021-06065-9
https://doi.org/10.1007/s10994-021-06065-9
https://doi.org/10.1007/s10994-021-06065-9
https://doi.org/10.1007/s10994-021-06065-9
https://doi.org/10.12941/jksiam.2021.25.149
https://doi.org/10.1016/j.ifacol.2019.01.012
https://doi.org/10.1016/j.ifacol.2019.01.012

	1 引言
	2 无人机探测与避让方法
	2.1 DAIDALUS算法概述
	2.2 净空模型
	2.3 核心逻辑
	2.3.1 探测逻辑
	2.3.2 告警逻辑
	2.3.3 引导逻辑


	3 基于DAIDALUS算法的MDP模型建立
	3.1 状态空间
	3.2 动作空间
	3.3 状态转移概率
	3.4 奖励函数
	3.5 折扣因子

	4 仿真验证与分析
	4.1 仿真场景及参数设置
	4.1.1 仿真环境介绍
	4.1.2 场景设计
	4.1.3 参数设计

	4.2 仿真结果与分析
	4.2.1 值迭代
	4.2.2 效率分析
	4.2.3 安全性分析


	5 结束语
	参考文献

