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Summary

Quad-rotator UAV is a kind of unmanned vehicle which flies by radio remote control or self-
contained program. It has the advantages of easy deployment, high maneuverability and low
cost. However, due to its strong coupling and non-linear control characteristics, quad-rotator
UAV is susceptible to various disturbances in the air. To solve this problem, this design
establishes the track prediction model of four rotor UAV to realize the accurate prediction of
UAV track.

Build UAV flight model and UAV Simulation System. Firstly, the kinematics and dynamics of
the four rotor UAV are modeled. Secondly, the UAV motion simulation system is built based
on Simulink to verify the four rotor UAV modeling. Finally, the UAV GUI panel is built based
on MATLAB to detect the UAV motion. The simulation results show that the percentage error
between the actual track and the expected track of the UAV is 1.65%, and the GUI panel can
monitor the motion of the UAV in real time.

The UAV track prediction model system is established. First, data preprocessing; Secondly,
the principal component analysis method is used to construct the motion characteristics of
UAV; Thirdly, the binary tree structure is used to improve the support vector machine model,
and the improved support vector machine model is proposed as the motion state classification
model of UAV; Then the UAV track prediction system is established based on BP neural
network; Finally, track prediction is carried out based on different motion states of UAV.

The UAV test shows that the designed four rotor UAV has good flight performance and can
achieve the expected functions. The recognition rate of level flight, climb and descent state of
UAV is 100%, and the recognition rates of turn and hover state are 80% and 85% respectively.
The classification results show that the support vector machine model based on the improved
binary tree method is feasible in solving the problem of multi track pattern classification. The
track prediction error of UAV in level flight, climb and descent state is within Im, and the
error of turning and circling state is within 1.5m. The test results show that the UAV track
prediction system based on BP neural network in different motion states is feasible in solving
the problem of UAV track prediction.

KEY WORDS: UAV; Inertial navigation; Support vector machine; BP neural network; Track
prediction
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cosV sin¥Y O cos® 0 sin® |1 0 0 (2-5)
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i i}

i i i

Kl 3-5 = AHMr 10 AR L i
MLZE R TENNB )] KRG EE ) YATE M 2 — o RRTHHLZER A F450 HL2E,
HEELEMZHUNE 3-1 iR,
% 3-1 F450 S5/ 353k
X R AL FE PR = 28 B [X [A]
450mm 282g 800g-1600g
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3.1.4 TAHRMESARS

WHESM ARG (INS) 2 LFEEFIE T NIZ O I SIS A R 4,
AR GRS FERR 1% g AU AR AR R, AR I B T R R S BT B
P AL AR 28 RS B R A ﬁﬁLﬁm&ﬁﬂﬁwﬁﬁEﬁﬁ&@o%Amﬁ
VT 2R G0 ) FH D038 5 R B R A 79 A5 i 2E s A A6 1~ £ 1 T8 AL
FEXE -5 1 2 8] () 232 sh Al A 12 8l 91 45 & GPS ARk S i I8 AL RIS iE 3h 15
B i HIVIRIEsI T, HSEMTEIFETTANRGERE . B, L8
B 254555 SIS HME 51 5 I8 AWUBR] 56 BRI E IRAT A 55 FAHLE B 1)
AN SRS T I TE AU BRI AL B 5] 58 AWLIIAT -
i A A TSR TS AN IR . BOR M SRR GPS B A T4
TINHANIE L BEAE B PRI OGS T I AN A FHAT LR X AL
(A2 1) Tl it GPS AEHL. s B v A BE IR S e AT LLSE N e AL &
AP B IMEIS B £ KATH ST, M8n GPS R FIR 45K 7 GPS B, i
TR EE MR RE A, AV SR A M8n GPS BLHL6 IE AMLIFEAT IRV Sl B RS
5 KAT. W 3-6 Fias NASBETHEE SR G0 HT K A ) M8n GPS #ibk .

& 3-6 M8n GPS Fibk
R SRS T TR EMBELANBEE, EdE AR T IEE =
AR PO FERR RSP0 10 R o AR ik B2 v AT R R A ) AR, A2 0
JETHRR I is s, WEE ERR AR N AL Ziz s, 7EFRIRACHIA 1) A
g, AR E N AN Mg . fikan .
Ik EEvH IR ) Zeis Bl B I = AN E TR -

v(t) =\, (6 +v, (e +v. () (3-1)
6 NALEE 25 6 TP g 2632 30 7T AR A

x:x0+_|.tv (u)du
y= y0+.[ du (3-2)

z= zo+_[ u)du

FERROGHIR ) Mgzl b, AR =N B Ry .
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o(t)=\o, (1) +o,(t) +o.(1) (3-3)
T NHLTE 23 1 T B A7 3230 7T LA A

a=a, +J-Ota)x (u)du
B=B,+] o, (u)du (3-4)

V=7 +I;a)z (u)du

FESCBR AT, T IE E  S BB S e AR T A — R 2, T
IR IR, T TR ZE A I IRV AR 3 5 AR R 3R 22 Sk, #R B
HURE B 2 AR 2SR, Rk FFY 0 32 P2 PRI 55000 o B 3 2 PR AT 9% 72
HATIBIE, RAMBBIMERKTANESE S, AR A Mahony HAMEN,
BN 5% B 25 FHE PR 2 P 3-7 T

BRI ey [IEE ‘?gﬁg‘ KAAEE | —
PI#% il 2%

i || ey R g (SIS

3-7 Mahony H_#ME 25 MIHE &
LR R S AN IR ZE RIS IE e A6 ME, R AR R
TCERRFRTCANAILE, MR B T AL SIEIER H 1.

3.1.5 TANKSHKERS

RAHRE 2R G0 T E AL RS B SUEm B THEE E AR
IR X BT IEAMNINUAT L AR UL 2 O E L, [RIN 2 SCREE AMLAT
AT I RBN ARG HE S o SLbr A R U] B e DA B e &, 24
Fe AR AR DA PR I A R SR B A A S AR R . B ANUR A EE RS KA
LPS331 A tH R A AHL ) R B AT R . LPS331 ARk E 3-8
i

K] 3-8 LPS331 S B itHEb
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i 3-8 Frz~, LPS331 AL dim i il & o AL S i A & AL, 8l
=l 3-5 Fros A E-m o U] DU B TE AW S =

axM

Lxh RxL

P:ﬁx@— (3-5)

0

X35 B RIFFHEHRHERSIE: b REREE; LEREREERE,
TFERERKRLA 0.0065K /m; T, 2 FIHFHERE; g & BRI E
&, KZ19.8m/s*; M Z&EE/RFiE (molar mass), BN E (Amount of
substance) MU AT LA I &, K% 0.0289644kg / mol ; R & il SR H %,
K#18.31447J / (mol xK) »

e 3-5 A NIRFE ISR L = 0.0065K /m « B SIMEE ¢ =9.8m /s> « FE/R

J R M = 0.0289644kg | mol ~ HIESARH LR =8.31447T / (mol xK ), A] LIFFHI K

AL PSR R IR RN

h 5.256
P=Px|1-—— 3-6
0 ( 44300) (3-6)

fE B, hONERE S, BN 0C AR HE R SUH 101.325kPa
DIXTLZE  (0-20km) Ao 2 i) < 6 25 4R i BE AR A B U B 3-9 B s

i im

3-9 XHAUE U AR B A e RE AR A 1R DL

NITESE N NN AW

h = 44300% (1— (5))5556 (3-7)

0

X 3-7, hRREE, BN 0C IR HERSE101.325kPa
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T TSR RN TR e P AR AL B O, 7RSSR R /N JE R R
5T MR =

3.1.6 TANBIREMARS:

Te NHLEHE AL ¥ 2 40 H T35 T AMLIG S S B DL R RSB i A S 25 45
GERARG, LU ANE RITEIM, ERAN AITHAEREENEH. &
WK 3DR TCZ A% B & BEHU e ANUEEE TR 4%, 3DR JoZR UL H S5
Hein &l 3-10 s

|| -

“a
K] 3-10 3DR o4 Hfh LGBk
WE 3-10 Frzni) 3DR JCZEE i & B EE K48 K K Mavlink )
W, Mavlink PRI N AAE 3.3 5 HE4EN 4.
TEAERI R, TX KRR & Mo O _EEHE ik, H RX R &M
o L _ BB SR, WS A 514 B 2 AR HER FEE A 3-11 Fix.
IR K

TX X
w W
#% RX RX %
A B
GND GND

Bl 3-11 8 s R K
5K 3-11 KL, ELRLEERARP RS A 5% B RS TX 5 RX #17T
BRSBTS, NS E N Lt B R&X — L&At s
TE SN & G2tk i, oA BOR E 3 E & 3-12 s

RX %éﬁj Yﬁfﬁé RX

|

! |

! |

! |

! |

X ! : X

W | | %
# RX — TX X RX %
A

| B

GND —| GND GND | GND

! |

|| B kb |

|

. l

! |

! |

! |

L ____ |

TLIEIR

Kl 3-12 EEEH AR EE A
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TEARBE R, R TCREUL B AR Ui 8T ANLBHAT HH W, RS oLkis
&7 A2 E W 3-13 fis.

oc T % TN
= RX R4 R4 RX 0 o

| == s
Febish FLebish
K 3-13 TAWL ARG LLIAfE R

Wi 3-13 R ICSEULBYUHE 2 THE AN G AR R B RSB o —
BOCBRAC I R 2, TCA UL E N —Fid g A, Rt W 5
SERF L FIEERMVEE AL, AR AR, 222 g7 8 SR R
GRTREJT0R . BREVGHILERE A, EE NS MBI ESEE RS B
WAL AL, R AL AR, B & 1 B DL 27 X
BEAT RO BB I I B R SR S IR ) TR A (5 5 Ja EAT RS, RS
S B 1 A% v (PA% SR Ef T k% s EALHLE I H 1 e 2R B AL B b PR 2 5
Ao

3.1.7 EANGERTRRS

L6 s R G T AU EE HF 347 PTG AR B, {8 T34 N G2 il
TN ARBETH)_EAIHLK ] Mission Planner, Mission Planner #& —#X Windows
RGN WEAE, P MP M, FEIhRE&ERE RIELANLE PC o, 5 3%
ZABEATIEAE, REMSSEI BoR KIS AR SRS AN A #E AT, Mission Planner
S 3-14 Fis.

> CS
.

Altitude (m) i (m/s)
0.00

AR () {Rfin (deg)

0.00 0.00

"0.00"  6.00

& 3-14 Mission Planner #{E S0
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W 3-14 Fros N To AHLAE P 22 A8 58 K23 4B “ATH, GPS & EdE 1M
FH v ot 1A b B i e AL sE AL o
3.2 PURERE T AN

AT AN CAT I 5 500 R G 38R 2 R 2 TE AT & 256 BUT 2%
AR TCEE I YERETERR , SRS BEAT D0 T B H R DU g 32 6 A ML R AT 121 3 0
RS E, WK 3-15 i T PixHawk FH 0 KATE S ST RS 2004
JEAE MY

R

RELW

CPU (5 %

T
)
£
=
=

MR A B A % ﬂ'L TR i

|
|
[

| |
| |
! | R | :
| |

! |
H i msgnen ||
! |

[FIPHi#50-800HZ [R5 4H#800HZ
K 4-15 %7 PixHawk LR AT 0 S AR GAM
FER 4-15 o, SEERHERIDUREERIER, R Lk it BT SEIL A DhRERA TR,
B kRN S AT 2 IR B S oS &R, e R R IR S
I BRFDALIREGR O A w19 DY e 38 e AU AE A AR A 2 Gr i it 7>
BT IR I o
3.2.1 TANEHRGIKI

AV 2R G 32 2 /N DY T 3 T8 AL AT P 4286 JE AL 58
BRATE R CFEE L BT BIUREE), [T REAS T O IRECE AHLIAH A5 8,
B A 2R ST A AR S SR IO ANLR DRI JEE A L SO AL 7 LA 2
HLHNTRE 4215 5 55, S BAF AR S5 B ABLIARZS A R AL EARE B
R A AT S22 1) 45 5 28 A ) e 3 PR WL X3l e A 5 P LA o 3 o 5ot A O r B LS
PR B P AL S O L AT 3048, I BLAE TE AL B o A DL I 2 I
AT AR B AR AE SR R b e AH LA 2 Gt BOHLBGE I e s A1 PC g 1 T
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) T 28 388 TRV Bk 4T B0 0 TR o AR A 1B 1 /N Y DU e 388 A ML g 7 SR AN %
7 R ER AT AN B DU Jig 38 T8 A MU - 28 40 1) S AR Th BE AR B ATE 1, i P 4-
16 s

Lt

Fe s AL PR B R

A

IMUB B PWMI
g i/ R g A
1c

PWM2

LR B AR R

Ab PR 2R

o0e

SPI

RCIEE 2SR

FEL AU A B

R Bk

UART

GPSHH A B AR

Kl 3-16 Jo AL R ALALEEAE D ReAE

WK 3-16 P, Avcrt BTl 7 b #EEs . s, A
By, AU, SRRSO LA Aar A g RS

PR R R AL, A TTER G HI &AM Th e

At TR B R AR LR e BT R LR, AN RRISITH
PRAE

LR BIHO T AALEAT L5k, 8 =Rl B vl =l FERR A ) Fan
IR ANLSE R

HALIRBN AR PR A EE A S . PWM A5 5 #28 h1| RN LG k4% 1 e AL 58
FSOAH LB o

RO P R i R g K IR HIE S s i

AHAS A HAS I 24 A7 TG A AL A PR8I U SR vt 5 T8 AL AL i 4k
o

3.2.2 T AWM HERG & IT

KA A AL P 2 S T e A A R TE AHL AR gt AT et 7r . B 3-17
NN RGBT
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g | Pixhawk
— abEEsE
RCiEz|_| | SPI L s | B :; 2
s [ e [ 1] s ##1 | g
|
l I =
A Bl '
g [P HUE e G l R4
iR o : ZH b | I 4h
o 1> |
sl 1§ ) BB T | e [0S 2
Mgy RS sl [ ]| % Flash
L —— z [ ma
S | U i w5 i E 4
“UBRT I%E I%E |
oo | e [T S || o [ ] B [ " o .
b | — 1 ® & [ wa LA
‘ # 5E e |
Bk || 7 K w5 |
T T BB e T gl [T
| [R5 | R
ol IE2 R | e o AL
sppge | M| HRE e o e [ ma T
sh | 1 ¥ e
L kL

Kl 3-17 B R ks &

WK 3-17 NUBEER T AN ARG 2R At R AR 7 il 45
AT INRE . BSASRIAR . BALIRENAE Y . RO P DS A S
Fy HABSY o

FE, B o U R SIS IR B DG AL F v Pl B, > P v P BRI T 500 BB, 84
RN SR, PR AR EAS AL R AL

GRS DA P 38 = Ao B2 v = b B R S A AR e e A HLAE 2 [A)
Lizsh 5 Migs), SLIMBNWESE BMFE .

FLIK BN AR 7 M I AL B 284 1) PWM 155, TR AL R4 1 e A MLV
56 U BB o

RGO s R OE R R R R ERE S, ARG AN EE RS

W oallE A Al K SN I E2 SR Wa o A & WA NI N R e =
£,

3.3 MavLink SE¥ e AH1E 2155

3.3.1 MavLink #MY &7

MavLink 5 3 5 5 o 75 22 5 B # T 22 B o BHLAE 8 5 )L AT 52 56 20 1)
Lorenz Meier T 2009 &4 . MavLink BhSCR7E 5 @RISR B — M & 2
FFIEE B, FEEAH A €478 (micro aerial vehicle) 138 _E . MavLink
ST /IR RAT A AR b T 35 368 RS 5 P FR S S B ) S — b A 3k AU R,
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N T BRI TR
3.3.2 MavLink S sg =

MavLink & —Ff e B ) A 85 Sk SO RAE ISR R P (3B A5 i, 2 B R -
S AVNRTE ANALIE RS, AT BRI ABLI T A GPS Ad 255
MavLink P SEHHIEEA AL B W, REMIZS R & 3-18 Fiow.

MavLink ¥ & i——8-263F7%

STX LEN SEQ SYS CKB

COMP MSG PAYLOAD CKA

& 3-18 MavLink 3 EHE Wik 5%

7EE 3-18 HER T K PAYLOAD 4b, HARHIRE T — N7 iR 8 fr —
BERIE, TN T R 2 S AN B A

BRI EN (STX), LNFEEARMFRE, AT 7 MavLink ¥4 2
FESeu RV B AR

5 A& TR /2 PAYLOAD W= 15 K (LEND, YU [EI7E 0 3 255 Z [ .
£ MavLink 78 S Wiz A e A0 S BRic B0 1A o B2 bei,  LESHIER 2%
B K R I

FEAETRERR A EMMT S (SEQ), BIRETE—MHE, TIK
RIZZFHRINESI L, N 255 Jaa M 0 EHITME . %55 H T MavLink
BRSO TR B R R LB, AT RS TR

FVIAME TR T RIEARZN BEWE AN R4t% 5 (SYS), F T MavLink
T ST TR A A5 A R R ITH R

FRAE TR T REARFE B &SRR ITH S (COMP), HT
MavLink 78 2 Wi Fz 0 1R 51 15 7%

FNMETARE T @ i B A4S (MSG), MavLink ¥ S izl
Uity FEAR HE X AN Gt 5 SR 8 A R nr L9 S 1) P S AR B 2 S e B L 7 5K
RAL A R far LS B

LM TRETIERBEERN AL (PAYLOAD), BHKEALSE —AME T
(LEN) HHEHE, R EMERESIMET (MSG) HINE, XTI
MavLink %% 1) 5 1% 00 N 25

B E N1 2 MavLink &5 dE i 16 A4, CKB J&1& /\ 7, CKA
A\

3.3.3 MavLink #MYEIEEE X

{E MavLink JBH P, £ 2 HTH B A B 7 AE PAYLOAD ', 3@ LEN
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[FIBUE SN, PAYLOAD W7 5% H, MSG v PAYLOAD [ B, N
S 481E MavLink 38 BRI BT e ORISR R AL
£ MAVLink 1@ W P05 W EERE 0 AFEA . LBkE HEARTBEAT. #%t
RZE SYS _STATUS. R4k} SYSTEM TIME. Wi PING PLK iy 445 il
CHANGE_OPERATOR_CONTROL % 255 W87, N st A A B0 B 5k
% 3.2 fim.
% 3.2 MAVLink H1% I PAYLOAD i 2 N 252 Lk

Hotfs .44 FR MSG_ID FHKE HENE

W gaN 0 8 F TN AR (S B
RGREE 1 31 Ay TAHLEAE RGRS
RGN A, 2 12 775 TAHLE PC [ ]
M) 7 250 4 4 14 715 TANLE PC @15 iR
iy & il A 5 3 P WNGIRIE &L
WIga A B A 24 30 7 T ML AL B YIaG
S B A 25 6 71 TN RAT GPS Hidhs
LGN 26 22 FAY T ANHLEE G I 284
ESWAL A €7 28 16 F75 T NHUNLE 4
AT IR A 31 4 7Y T wx y z RIS
JR A 32 4 75 Xy z JHhLE
LR E A 33 28 T xyz &R E
FRE G 35 22 F Feycdzs il v e 4

1E3 3.2 PR T EANUER I OBRE .. RGREE. RGN A, MR
. ayAEdla. Y EE. S B, YIIREEA. KSR, B
ITHAM. R ER. 2R EA. 84825 PAYLOAD ' MSG & X LA
J LEN ${& .
OBkEL HEARTBEAT R RGUAFIEHIELEMAN, 1i B @ HEE R IE %, RIS
B 7 6 ZBIRHE, Aallnk 3.3 frox.
% 3.3 DEVEEEERE R

K AR FHKE SEES

AT AR 174 SESLT 15 Pl RAT AR IR AY
MAV 7! ] 5EX T 15 P MAV (1285
FRGRARAY 1741 BT 15 PR G

H 32 B bR iR 4 75 H 3072 BEAURS 8 b & A By
RYURASIRR 171 BT 15 FIRGURAS
MAVLink i< It FiA B I MAVLink fR A
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PLCr Bk HEARTBEAT A A% % 085 3148 o AMLAE (5 BB, < H 4
MAVLink i8I PAYLOAD HH B84 717 € XN EAL 4 MAVLink &
TR SE B TE AHUAE S84 TH 0 B 1A 0

3.4 TANARGER

3.4.1 MEE LAWK

T A 2 T ML RE AR E RN AR R, 222 58 I DU e 38 AL N & 4-
19 fion, ZEEAMEHEE Y 450mm, % E 1.487kg, K F450 BLEE,

(a) TANLIEME (b) TAHUFHLE
Kl 3-19 DY TC ANLER

3.42 MREITRE

7E Mission Planner V& 50 ANLERL G X TC AN E & (1708 T A% B as it
ITREUE, FTJTF Mission Planner *F & #J 4G 15 B A 008 BE TR HE W1 ] 3-20 Flizso

Mission Planner 1.3.74 build 1.3.7563.27684 ArduCopter V3.6.11 (f0d53294)

kTl
Ry

H¥Y ID

ADSB
» o]k
>> Advanced

K] 3-20 Mission Planner I3 & 1% 1
BRI NNAT KPR, RAET AN LSS, BEE, KRN
IEMTBCE, RSHER AL IR B LA K, AN E A b/ TlE, Kk
REHZEL; REHLANRABE, EKFES. R R 3-21 fors.
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LXBRAWHFABRAREEW R (B

JE;
¥

K 3-21 Jo AL P A v s 2 1
TEMR IR 5 BAN [E) 7 17) BTN GE BE 1A #E, Mission Planner ¥ & $2 75 I BE 1T
HERT) o
3.4.3 1erFaEtRofE
7E Mission Planner “F- & 516 ANLIERL G X AN EH B K8 FE 6T AT HE, T
JF Mission Planner ¥~ & #1465 1 B 1145 Fd £ RHE QB 3-22 s

Wl Mission Planner ul rdu opter -
Mi Pl 1.3.74 build 1.3.7563.27684 ArduC V3.6.11 (f0d59234) [m] X

B & & 5 205
WiTiil RS EmEARL 8N #E
REEfF ferst
» Ewt
EES] FENEEHEE
kTR
fam
EESRHE

Servo Qutput

Efam:

ESC Calibration
ETH#
SR
H¥ ID
ADSB

> o]k

>> Advanced

Relax fitness if calibration fails

3-22 MR R AR HE
e T ANAT K  E, BHETC ANLKFLES; S, I ANL
Gy AN A e I R AE TS AL B L3S s e fm s R e AMLRE B /1A
THERE M, RIEREES . REL AN R B 3-23 P
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K 3-23 %Mﬂ%r‘%ﬁ&/&
TERIR SE AN [R) 7 ] PR N3 BE 1 #2 #E f5 » Mission Planner ~F- & $& 7~ i3k & 11
W R o
344 EREHFHRE
fE Mission Planner V& 5T AMLERE G X T AWLIE 6 28 BT, FTHF
Mission Planner “F> & EfEHl 2%, W& 3-24 fiox.

| Mission Planner 1.3.74 build 1.3.7563.27684 ArduCopter V3.6.11 (f0d59294) = a X

«

j-:m#'J ?Mﬂ—ﬁ EF% IHU‘Y 8 5

g L a—

» Rt
s AR
H EEE&‘E

Servo Output

ESCCalibration

TR
R

H¥ ID

ADSB
» AR

>> Advanced

K] 3-24 BRI UAES I
Wi 3-24 prox, REESGEH AR KR L PWM 5, g 2 HEAR
LI ANUE S &%, HEShiEdI 0507 s, Rt B i6 g
3-25 Pfizso
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o [7

T T

T E——— (T ~r—

> BERE
fmzem ']
1
sk RO

1007 STII0mI

o Output
ESCCalibration
TR
s
HY ID

g
=}

ADSB
> DIkmEfE
>> Advanced

Kl 3-25 EEHEIRERIELTIR
3.4.5 Mission Planner JE &5 T AVLIBSIEIR

FIFH 3DR L& HfL i GRSzl Pixhawk 5 PC B fFE[E, BEEHIE
3-26 AT

g o —

| | | |
| | | |

| |
| FEL A HA |
| pixhawk  [e—  KftlE e > HuEdRE e PCH |
: : : :
| | | |
Lo _____________! L ___________/

R Hh

Kl 3-26 Jo AMLEAE JH
W 3-26 Fiw, 4wl B UL L& 5 pixhawk LA PC B AE 1 FUR(ERE 5
M TG H A% v & AT JC 2 A% 5, K P Hf% B & BCE AR [R) IR Rr 32 57600 5 S
AN E % EE"* G2k lﬂ Mission Planner %ZA EPLYE%W’? B & K 3-27 FTas.

m Mission Planner 1.2.74 build 1.3.7563.27684 ArduCOpterVS 6.11 (f0d59294) o X

= g = > : =
ool R gg};m %’ %ﬁj ARDUPIOT TS ' e
Remote.
o

A M2
UAVCAR

Joystick
farast /et £
L]

T

PX4Flow ¥R

K 3-27 B G BE
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WE LML B E G, TANL T AT BRSO I AL R Bl 4%
{7~ {E Mission Planner & b, 7] PASZELTE AMLIA Rk o
3.5 KRENE

AEE T Pixhawk F 2BV JE 26 AN FR Gt o A58 2 DU e 38 o AL (i
MRS, EERG. RS, B AL, K8ERS . Sdafkim R g
MG BRFRG . Hh i 24086 AV B E i FIE, PRIEJC ANLE) ®AT4E
s FERGNEANIRM T4, IEFETANIZE); 3 RGE 0 7150
EXFTNMBIF 1856 TN E FHEEE Ty, PRUETC AL AR E AT 1k
S RGN E T AN AL E L35 3R H Mahony B AMNER T FLFH TR ZRIE; K
SEHERFEA A LPS331 AR & RS EE R, FRIE k-5 B A Ul
SENNLAET = BURfLim R SKH 3DR 4%t i & Bidudid Mavlink 1%
RO TE AHANUE BEEMA 56 B R, IR ANLANE B S &5
256 B 590K A Mission Planner AL, AT ASER BomT6 ANLIF S HTA B L &
AHNTE A RS B
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4 F AT RSE%

8 I AN UGB BPIRAS IR TTE AU B 25 o e b o A
B TE AKLIE SRR R R TR AT B
41 315

AR F TN IS, 72T A LiE s 00 2R 5 A2 18 x0T 0k
NHUATZEREAT 00 o R TR P A% G2 o A HLATTIZE Tt 77 =Xox PO e 32 0 A HLIEAT e
IEBRE T RERK . BRI, ARFESEH — M T-HLER 5% 2T W 7 ik 0 DY Jig 2 2 A AL
RLIZE o 3 AR BT B JE AL 2R G M DT ZE 250 i AT AL 8 25 S80S T AATLATLZE Tt

4.1.1 TANBIRE T2

T RATIRES X RN AT SR AR RATAT AR SR, To ABLT)
RATAT N AT A U PR ARG, W€ F PR B BB AR EERY. #k
MM RATB BEE A 2 AN A RAT RS IE B3 4 5 & R i1, Jd ek iR e
BLE CATIRAS, FTERIFIE ANLSERRI RATIRAS o X AN CAT IR IR A 2%
NHLIBAT G073t L B HE £ TAE, 2 AVLEB AU A B T8, B
H P HAME .

TEANLE) ®AT I S 004 2 4 2 200 B, 2 80 T8 08 2 48985110
AT A1 o FERRR AT ISR, AR RATIRASRREEIT RIS ], AR KT R 1) %
AR E R, HURKEAG —, X a8 Ge 5 i KRR BRAREY . Rt
5 EE0T o AL LI E P 34T A BRI AE R L, FFia H 0 25 e Ablig
BRI,

Iy R BAEAZIE . LA 57 ST A QR R A% O )z — D30T WL 43 SRR
BFEFI AT BRI KRR ENLEE . B 7 SRR AT 7 S R A I 25
TERFAE R TN AR ENALE (1) A28, 76 BARERERPT, Mab fiR B, Feid AT g i
AR A28 RO MOV Ty T S T2 o AR idh B HE — Fh I TR Bl X G Bl R AL (1) Lk
SrRTTE, R T B2 SHLE L G ERMERE, P H SR EL
(Support Vector Machine, SVM) AR HEEE 1 70 FE 2 100%41.

4.1.2 FT AHLARIEE T

AT NS WP A4, LS AR AR I o AHLAZE L K A
BN

T 22 R i s R B B SR HE IR SR SR R, LA (5 B AkAt |, T
DU R R e A B R0 e PR OR (1 % PO 3 ) 2 8 B IR A% 0 A S ST 3 24 [ T
DR, SRAGAAR RS R0 Z A R R0, MR R 2 F 2 e A 5 B 1
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RG], 5 RPN fl oy 7 AR A K LT A L I A) P B AR | ] )
Iy PTARIY PR X 2 AR DL R e Bt ARAR Y S o T DO X A A AT R B IAR

1) WMo RERE

2R R T G e A R 1 0 2 1) () 28 A A — s A, TN R SR s 34
A 0 A ) T B, JE 7R B ST Ay AR AN ) B T AR AR A
FEGURRE AL N IR A B A 4%

T J7 REAE Y (A R s BRSNS 2 R PR A 7E R R AR AR A R, 1
TR AT, FOes B s, [RIBEE0 BAR I i) # 5 T e A . o O
PR R R f 2 s SEBRAE LI AN 78 2T R ABRBE SR AR, P BRI 25 2 7 AR 3K
PR 2E s HIRM 7 FE MRS A AE Y E R — PR B R A, A Zj R H

2) REFNES

IR A TR0 5 A2 £E B 4015 B T AN 25 A1 TN i LA SR i PG AL 5], e g R A
gL, X CEHEE BORH M, W R A B s A= e — e IERPE ) P 81, B
JE G ST AR N B 70 J7 REAR A, AN TR BIF 8% SRR AT T

IR EOTTA R L f2 : BUREECD IS, IR LS BN RS 1 1 7
MZE G Wi Fod M T2 &> B R, B ss R ma iy, Xt
TAEFR B 1 I R T 45 R AR

3) FfEFFIEE

IS 5] 75 Z1 48 1 A2 A F0 X0 G4 B 8] PR HE 21 R, e S B 17 A i RAE
AT 8] B A i B ) AR AR D) Tk, o] DAHERT A ST G Ja A8k vl g
E BN =E P

IR PR PN BB A s g . e rig I (R e # EdE , TH RO R, RS REGT .
R R A s I IA] P BB 8 T A S5t SR B ST [R] PR AR A AR, TR B RS AR R 3R
UM, ARE TSR Z AR R, TR FEYRINERR, TR
T o

4) EYF5HriEE

5] = 43 A P 2 ) B — oo B 2% e S vl [m1 )3 B 34T 20 A Tl » [R5 5 #2
R &M, H R 2R, A fets BE 77 B N TS AL kAT it o],

[ A A R (AR S s BRI AR BRI AR B 2 (A 35 R &R RIS AT LA
KHZAAZREN DR BRI R . B B 6k fg: BB L
PCTRT R, FRUINRS EEAIC

5) MEmEIEE

P2 2% (neural network, NND AN 220 0 28 10 e T 1) — Mo B As
R, HA5 Ry SEIHLEA DI RE EARIEL N s e 210l gise X 25 2 R E AT
T B I T A R B S AR LR BN AS I 2, e N 2 AR A = AN



input layer (}I A=) hidden layer ([&ji)=) FI output layer (it 2D @IS K&
BRI 512 X 285 A 45 JHL T TR 6 A AR S vt () 48 HS S 2T

FHER X 28 A5 RS (R A A« AREEIR B RENS DR RS A R I B R 2R 2
. AWM BRI R RS FESIRER, MadEEk.

6) EETIEEE

2 (Gaussian Process, GP) #& — & T-Giit 2= AE S H =l H ML AR
2177, AU IR E R AR RN R 2, a4 e I R e EOR P 07 22 R B e
ERHENIEERNES, ARBERMILEEHEAKE oM. i
(5] U SR 0 HR A AT A, 1 IX AR e R IRAS AR &, Py s s kA i
RS T, HFHS B EEXE .

A I R L R PRI R EE XA, AREREXEEE, E5
AN BN TR DX ST O G T o o B AR AR A R R R MRHE RN G S L),
T AER E PRI R . BRI, A v 42 TR TR0 VR A PR AR

ZRE DA EXT & RPN B 3 At S8, R e X 2 A ey i A2 e e AL
(R AR SR T LS B g BEAR A 0N o v 07k R ASE Y R FH 32 S ALL R o B8R S 3 e
AEFIUIN 5 17T o 25 DX 285 e A ST 40 2 BRI BRR S s AL Tl , AT (R EE AR B ket
P22 X 28 A R 2 LU vy B AR RS A G AL RTS8 Tl 77 T B8 E A AL 3, DRIt AR S
SR FH A 228 ) 24 455 8 0 e A ATLRIZE o

AT SeH BP M WL AT AR, B S XS e ML RIS SRS 43 m S r
NI 2%, R ARG B T0 AV T E SR At 2 I REAR SR AT I 25k, B
LS I T 28 X 25 1) IS A HTLALIZE TR0

413 XERSLH

N B I T O ) SRR TR B USRS 8 N7 T AN LS s IR A R G 1 e T L
AL B8 (1 50 TAL 3 5 48 F5 R FH 32 5oy 43 BT idonst T AAT13E 3l 2 80 5 i 8t
TN BRI s B 5 ) = OB 5 50 S el AL AT AR Y o5t s | fm S e
MWLEE SRR A . A & AR BB WKl 4-1 s

T NV R4

Kot b B
Ez&ﬁﬁ@@}—{#&ﬁ%ﬁ&}
E BRI Hﬂﬁlnﬁ H’JSVM&;@}
E

S H AR AR

[ ST I

!
v

HUET BRI iR

B 4-1 frradh w4 FE i
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P 2 SB A SA T E  AR BRI (830)

WE 4-1 iR, REREEANEAR#AT AR, BEE AT I AYLIE SRR
PO, BJE R RFmEMNL (Support Vector Machine, SVM) 4335, HdE At #
FLFER IR SRR N, F A~ DA ACBER I H — 1k RRAESE I EFE T ANLI)IE 3)
ZH GEEE. B T, . i) $2PNRHE SR (HRME. sME 3
B Az $EH. BEJE R £ o 0 kgt AT e AL sh 2 80 Eil @ 6 A B
IEBNRHIE 5 Ja R FH 28 = OB et 1) S 3R 1) AT LB 2850 T AHLRE 047 732

4.2 HIRETALIE

BT T AN Eds A7 AE M, TR 7R A o AL 70 A i 7 kAT 4
FE AL . Bl WAL ERAR a0 K 4-2 PR .

S H AR

[PS (€ TE RN
‘i H A2 52

Kl 4-2 B Ak B AR K
W 4-2 flrzs, B AL FE A 35 S5 5 HOHE S B RN i O B 1 1A
42.1 BREHIEIRE
AV S B A BRR G = 5, R e SOy — e
5P ME R ZE R 3 bR ZE BOE . 10 JC ANLIEAE 0 A& B B (0] AR 46T AR 16 1
FARE R ARG 07ER34T Ge it b, IIEA B3 G it 24 1% 07 7R T 1
3, SodERRAR G E 4-3 Fios.

PllES e

Kl 4-3 R EE A R AR
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P 2 SB A SA T E  AR BRI (830)

W] 4-3 FT 7 o 4 SR HOVURL, SR A A S B R
B Xt — T AL EAERIE 0 MEA (x,x,,..0x, ), TAEHOR)S, HHE—0HZE
1 X, = 4-1 s
X, =x,, -x(i=12,..,n-1) (4-1)
X 3R T o AR R B E — B T A B 0, IRFEGeit o2l 124
PIEBURZAE — & X [H P, G Ge it X, 1 G0 TR SR k4T e 21 B

— I ZEEE X, RECE R R R N

1 n—1
- _ngi (4'2)
—Pr ZEEE X fARHEE o TR
| 2
GWﬁ:;Q&Em (4-3)

SF X, (i=12,....,n-1){REALT (EX -30,EX +30), HERXIEI X, 55
8 LABCE REA) x,, BOBSCHR - DT S I 50 1 50 e

4.2.2 BREWAEIHRE

B R RS R EEHES ok, A AR B F AR A SRR B s AT e
AL, FRii R R REdE. ARSI T

T — LS B S LR O X ECHETI T (00 ) (3003 )+ 3, B8
AR RIRE, y, R REE AR B I, T x, AR AR, T A MR Rk
1] 4726 X A s 90 A L0 % TR A 2t 4-4 .

L(x)=21,(x) (4-4)

J=0

HoAg AL (x) ik A A S TR, FikatA:

()= T1 = (4-5)

i= ¢1x/_x

Rib I HEEAZ AL, () B RURAE x, EEBUEDY 1, T i= j 0 x EEUAE
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P 2 SB A SA T E  AR BRI (830)

0.

F 3L A% B H 22 0004 5 1% i 28 1 A5, B B OB 1 B 17 B SN
22 1 3B AT TR HY bR BT IR AL B AU, AT SEBRR AR Hi A B H B a4 (A
it

4.3 T AWLEEhYFIEME
43.1 ERRTTIE

% %5393 i (Principal Component Analysis) & —Fh [F4E5HTE, EReH 2 N5
PR igAR J LA BB, X o2 R IG R m & A G, HA8 st 8] HANA
K, BEME I TR UG U 1 O B RS B

FRAT PRI

A n MER, p ANebs, WAL T nx p FIFEFE x

X X xlp
Xy Xpoot Xy,

x=| i R :(xl,xz,...,xp) (4-6)
X, X, X,

1) AR
SR x TS

— 1
Y —;;xij (4-7)
A DL S
S = \/Zzl(xl/ _xf) (4-8)
/ n—1

P B R bR AL AL R, FREACEE
P 4-9
i S ( - )

132 AEHE A AR HEALHE R -
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X, Xy X,
Xy Xy X,,
X=| i i =(X,X,,LX,) (4-10)
an XnZ an
2) thEERER
TR T AR
_”11 ha le_
hy Ty r,
R= : : (4-11)
an rnZ rnp
Hrp
1 & — —
= (X, —X)(X, - X;) (4-12)

3) HEMm A EERENFHEEMSFERE

KfE W 7 Z B R WRFAEAH 5 R AE W& R A4 (i=1,2,..., p)
ai(i=1,2,...,p)

4) HHEERST REEMB TR

1R ST B DTRRZE ¢, 3 XA

Y.
¢ =—"—(i=12,...,p) (4-13)
2 H
k=1
R TR T SN
ﬂ“k
C=E—(i=1,2,..,p) (4-14)
2
k=1
5) MENROIERT R A THF

XiF ¢, 4% HB MK /N R 33047 HE
6) KERER
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P 2 SB A SA T E  AR BRI (830)

Fe BT TTER R BAT IR ORI, Rk 80% Rt vTEk AR KA N R

4.3.2 T AN EENHFHEE

il 3 ey o A ik A i B AL B RFAE, LR mifLas 2 IR . A
MATLAB AT E NS BIRAL, € £ 15 B ORE 00 90%, RIEEL
P& 6 4. a1 4-4 Fion AFIF MATLAB #4776 AL 5o 20 bt B B AN FE BR 5T
R 5 R TR

100
- A ERRE
Rt wE

K 4-4 FE s dr i
W 4-4 Fion, TEAPLER AT ok AR O z S . ¥, x Shin
TR, y RS . AR z Bl

4.4 T AW BEEHIRA D LER

44.1 ZEHEEHIRR

SZEEIAEML (Support Vector Machine) & — N ML —/p RE2A AR, JEid
ST LK B 2 B 0 S T S IR A R . R T g E I — A 2 R A

D={(x.p)} » ol ye{+L-1}, BRREARLEIET 10, MIAEAE— T T 8

.
o' x+b=0 (4-15)

K RREARTE, 25 TP
vi(@"x+b)>0 (4-16)

5E I8 y R BclE S T BN FEAS 2 73 BT I OB, RIRE y R
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(i=12,...,N) (4-17)

5E SLIAIRE y AR 5 v P A A 213 B B~ T P B R S, D
y=miny,(i=12,...,N) (4-18)
TR B AN I A (T TH N B EAT 43 S, AN S T L 12375 2 [ o
y B, ARERIAING p B, IS4 2 B P B AR o kAR e, B
Vg, BRI

max
{ 4 (4-19)
sty 2y

‘a)Tx[ +bH ‘
o] =1,2,...,N)

T 2 SR P TS 8 o0 W2 ooy =1, BG4 AT LA R -

/E\:EP%=

max Lz
] (4-20)

sty (a)Tx + b) >1

Wk 4-5 Fros UL BRSO BIHE 1 SCRF R A LR 23 A

4-5 SCHFAENIR B
WK 4-5 for, IREOFEARRRR SR RE. XM E o EEE S,
Hop BT IR Z AN, (E IR B KT A ME— 1K), PRI ORAIE 1 SCRF A AL
o 70 ot et S ) (A o —
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442 BUERIXFFEENRE

TANHE SR ATFEAE A0 FNE 00, A x4 ST SO ) S LR At
Aok, GIN T XOR SE R R DR SR IR U R R REREAT — 70 SRI BRI . W] 4-
6 TR N — XA

Kl 4-6 Firn Ry = XR AR AY
WKl 4-6 Frsdt IE AL ®AT B 0 AT 70 28R, XF k MU T k-1 IR
S BPAT 58 ot Je AU IR o AR IGHEAT k-1 OB 1R ) BRI AT 5230 06 AL k
PRSI 77K

4.5 Fe AHLARIEEFM AR R

4.5.1 BP MR &R

FHLE W 28 AR R 40,5 = AN 43« input layer (5t NJZ )+ hidden layer ([&8)Z )+
output layer Ciiith/Z) W1l 4-7 P,

/

hl(Lfl) - W

x, —» AN

p
< Z R, \ ) >,

\
4-7 BP fH42 WX 25 f5i 75
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HIFE] 4-7 T, W0 0 TR B 2 8 N FE 8 2 B 48 0 4
NBHL, oI AU BB 2 M2 02, S5 20 0 L6 O T
.

BP U A MR (e R R AL S BN T I (3 00 A4 D R
R R 0 R A5

D MAREEMEREE

BP MZM%—RHANE . o R Wt R, AR e
BB AR B A R, AR B S B SR M AGE S AR B 2, T 928
I (5 LI TE PR . S a B4 SR R SR Rz y, 5

ZIVSE

zszl( vk,,x,) k=12,...q (4-21)
i=0
q
vy, =5 dwux | j=12,..m (4-22)
k=0

Hee fiv fo 28RN E B E JE LR RS = 25 = A% 33 eR 2

n~ g~ marAPNEINE . B B 2R RS

Ve~ wy AN R SRER RBEE S EBUE.

2) Wi BRIRENR EERE

K HIBEHUBE R AT A X S50 5], T8 e i AR (x, )
KZEA T AN I 28 R T, 45 380 1 190 2 4 H

3= f(x:0) (4-23)
ER, x i EREAR SR, O SIHEN, §E  EREARA

P ZIIEk=
(1) #5kE# (Loss Function)
1R PR EE — AN R SRR, AR E A TN A B SEAR RS (R 22 7 o FHER
D &% R LA R PR BB HE 0-1 #5125 RR %L (0-1 Loss Function) 77 244 2% pR 4
(Quadratic Loss Function). 22 X #4541 (Cross-Entropy Loss Function) #
Hinge #51%<B %t (Hinge Loss Function) &5, AXSCHE A0 K B Uy -1 7 B 45 2% b5
%& ’ Eﬂ :

R 1 R
e(y3)==(3-3) (4-24)
2
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ARG T p HAPL PR FEA 7 A B 1R 22 W] 5E SO

1 & A N2
Ep :_Z(yi_yi) (4-25)
i-1
(2) ZIMNEE/MEEN (Empirical Risk Minimization)
AL TR O P10 45 2R b /A TR PRSI 8 Bk, O TR — MRUP IR R 2, dEd
L5 X (Empirical Risk), B I ZREE K P-4 2k«

R(9) :%Z‘g( vir f(x,:0)) (4-26)

(3) BENLERREE TFE5% (Stochastic Gradient Descent)
FHRAIE B 5 2 HE N O 1 15 20 56 KRS 2s B 5 /N T SEIRISE R S 3 (1) SR e, 42
6 PRI, R 52 )3t 1 — SR e BBV Ak B A, A LR T B2kl
200 XS R, BEALEE R T BRI Zrid B B 4.1 P

SE 4.1 BEHUBERE F B

Mn: WD ={x, ), WIERV , ¥1%a
1 BB

repeat

2

3| Mg D FEARBENLIHET
4 | fori=1...N do
5

ML D IR (x,, ,)

6

0 CX.L V.
PPRP I L))
00
7 end
8 until B f(xi;H) TEIGUREE V B R 2RI

it 0

WS 4 Pow, IR T RNV T AR Rl Re, B R IS
UG BENUBEEE N B W SR 5 o e LA

4.5.2 Fo AHLARIZEFoum

AR TEANLB], FEARBATIRGE PR AN AT IS EE, Ak
AN AN ZRBHEER , #h 22 X 2% 58 I 2k Jm 2 AR 2 ATs AT RS TR = Ri
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E BT AR I o 4 T NI SRS 4 N TR, St Rz sk 7 3]
GRXF N A28 0 285 FH SR TR Z 328 SR S TN T AMLEIRIE .

ARV TH G P £ A5 T /N TG A ML 2S00, A kA A F0 i s R 5 A AN
WA IS, WRYERTSCAT, X EEREEAMA, AN SNSRI x
y z AR AL E (i B AL Re . | EALEE), MisshS8 (A .
WA mfifD, BASGL) s DU tH 2 A x y z BT ) IR R A2 4k DL K I ]
KA 2T NAL KAT Y 4D ik, BP ML FNRILNE 4-8 Fiaw.

X7 B
xHh L &

9,
\
2R ANTAV//aN

s e

zHh 7 &

WNE (D Feu )2 (4-14) BWHE (D
& 4-8 BP M Z&#R 4N &

B 0 P 22 0 /T S M 28 DX 2% ) TR O « 15 D 2 R B 2t A5
R R R UL E TR BIEE R, a2 B e mmee i, 2ot
F RIS 2200 o MR ZE P J7 Ml Ba & 2 70 rih 5 sl 4-29 Fos.

S=JU+V +a (4-27)

429 e S AKGEZ TR U BN S8G Vo SRR o BoR
[1,10] H—MEEHL.

AR Z AN H =7 +4 +[1,10]=[4,14]

KRR FEREMNE T RSN —E, MO 4~14 TN EEE R

FERPZE W 28 5 rp 75 DR AR 4R 23 I GREE AL, IIZRER F] T-ph &
W2 A5, DAREE T T VRAN U SR A0 22 48 (B IR o FE A IR A2 RN 28 RE AR B2 )
A LA IZ B K AE 100 HFEA, 42 BRpP e 28 IR 50, YITZR8ER17) 80
REA, MARERI S 20 AFEAATIHE ML NG, AT HRPTREE, Eid
2 UGRIG AL 615 58 2% 315 I 4 0.001. TSRS 80 K wIiA ki B 40k 4-1 B
TRo
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P 2 SB A SA T E  AR BRI (830)

®4-1 TESHWE

SRR WEE
IZRARREA L 80
DA AERE A 20
S BT S 0.001
BN A 7
= 71T AR 8
B T R 4
0 R L sigmoid
R 4-1 PR B M A S, W M S 8050 H o APLIR %
B HEAT S TR o
BT MATLAB #7228 I 25 B AN 1] 4-9 Bk .
4\ Function Fitting Neural Network (view) — ] e
Hidden

8

Bl 4-9 22 ] 25 A 7Y
W 4-9 s, FHEMERNET RECN 7, BREUET AECN 8, Mt ET
RAECN 4.
1) FARSAII TN
KET NS EhE R - B AL NG S5, b AN RS T
AT AR = 4R Wi 4-10 B

B 4-10 “FOIRE T AN = 4R E
Wn1El 4-10 P AT ANUET IRZS T REE R A3 [ = 4EBL TS I, 221 4.2
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I 1 B T AL B i R P A 2 0 2 AR AR TN T AL, 093838 T AT K
WG xy z Bl7 ) B2 B BEI [ A2 I DL B 4-11 s .

Kl 4-11 P OIRE N R AL T
W 4-11 Frs REANTET CIRZS xy z Bl AL B K H TR 0 zs B s ] 2
HIF O, LLEKRF LR T R ANLRLGE ) =AT7 [ BE R (A ARt 2k, B8
AAMIR T To NHUTIE 225 b 222 X 28 400 TR0 P e it 28, 201 06 AHLAESF KRS
(1) =L ] A& 4-12 I

ZERHTE

T

B 4-12 ~F RS T I KL = 495 15
W 4-12 fiizs, #6817 TE AMUAEF QIR T 23 [/ 1) 4D Mk, 20654 /ih
TRAVAIEEMAE A2, Wt B R iR 1 Jo AATLRH 2 0 28 40L& P A s ith 2k,
[ P R i % AR T e WL (A1 47 I FE
2) HTARISHEE U
KRETNNZ S FE P BN AP W S5, b B ANTERE S AT
TR0 = 4EHAE a1 4-13 s
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Kl 4-13 BZDRE T R AN =4EE R
W 4-13 P AT AHUERE SRS T RER 2 B Z4E 16 0L, 4 4.2
A P B TIUAL B S R R o 8 P 2 A 2R TN e AL , 43 ) il o AL 25
RS x y z Fh5 [ IA B B ) AR A5 3 B 4-14 B .

B 4-14 FEARA T AN
WK 4-14 Fram N NMNAERZIRE x y z BhJ7 A7 B R TN s bt ) 1) 2%
HIGOL, KT R 7 R ANLELE ) =TT I BE I A ARt 28, Ha €%
LAIR T To NHUTIE 22 3 o0 22 DX 288 4045 F00 P A e it 28, 210 AHLE R 25 RS
() = e B an & 4-15 Fios .
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4-15 BEEIRA T TR NI = e K
WK 4-15 Fis, #6587 TE ANAEEZIRES T 23 [ 1) 4D Mk, 2064 /iR
T RMNNAIEENTAE 2, W5 B R LR 1 Jo AATLRH 20 90 254006 Pt A il 2k,
(5] P ) i 25 R 1 TG AL 1AL IS AT PR T B
3) TEFAARZSARIE T
KT ANIZ B FE H BN AP N 28 240, Hd B AWUEIRT ®ATiE
FEI) = 4EH A a1 4-16 s .

K 4-16 TETHRAE T AN =ZERIT K
el 4-16 P AT ANFETETHIRZS T R A M2 8| = 4ERLIL TG L, fE2ed 4.2
At I B AL B R P Ao 2 0 2 A R TN TE N AL, 93 4 8 Te AALTE T
WG xy z Bl7 ) B B BRI [ A2 1B L B 4-17 Pos .
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Kl 4-17 TEFHIRA T T AHLAZE Tt
W 4-17 s AT ANUETCHARZS x y z 577 [r) A7 B N I TR0 S 328 [ Fisf (1) A8
AL, ALK TR SEERR 7 AN IE B =ANJ7 ] B TR ARGt 4k, Rt kg
LAIR T To NHUNTIE 22 3 o0 22 DX 288 4045 F0 P e it 28, 21 8 AHLAETEFHIRZS
() = 4L 328 B A& 4-18 T

ZERHT

®o - N w & 0 © N ® ©

K] 4-18 TEFRIRAS T I AMLTI = 4t 3528 &
wnlE 4-18 Fiw, I8 T B ANIENCFRAS R 25 (A1) 4D fiiiik, 406 s02kfifih
T RNHWIGE e 2R, 5 € P8 B 2RI T o AALAH 28 00 28 40045 0 A0 o2 i 2%
[ s P 5 R T 0 AL (BB AT (T
4) TREARZSAE TN
KETNNIE SRR T LA N E M S5, Kb AWLE R 64T
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K 4-19 FERE TR AN =4ERL K
B 4-19 Fron NENNUE T FRRIRES T REM 2 0 =4EIL 0L, LT 4.2
A A B HR TIAL B i R P A 2 A 2 AR T T A HLTIZE 70 ) i3k T AL B
AT xy z BT m) B A7 B BRI 1R) 22 4 15 150 B 4-20 FR .

I e e e i i e e e

Bl 420 FRRARZS T I ML HE
W 4-20 i N6 ANUEE B BRIRZS x y z Bl 7 1807 B b HE T 0528 B e 1) A%
s, KT RISEZ R 7 ANUR G B =ANJ7 ] B TR AL th 2k, Rt g
AR T T AW S I i 20 X 2 H00 5 TN (0 e ith 2% 16 8 AHLEE R RS
() = e B an & 4-21 s .
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Bl 4-21 FRRIRAS T I AHLTRIN = e B
WK 4-21 s, fid 7 ANE T FRRIRES T 2 B 1 4D ik, 206 SE2HiiA
T RMNNAIEENTAE 2, W5 B R LR 1 Jo AATLRH 20 90 254006 Pt A il 2k,
(5] P ) i 25 R 1 TG AL 1AL IS AT PR T B
5) BEHERSAZE TN
RETNNIZ L FE A A A N 28 250, HoA TE AWLE R e /A7 it
TR = 4EH A a1 4-22 s .

Kl 4-22 FERRIRAETS E ANL = 4ERE A
WKl 4-22 Fros AT ANAE SRR T R 2 (B 4R 1G , fE40d 4.2
A P B TIUAL B S R R o 8 P 2 A 2R T e AN AL s 73 ) i e A LA e
RSN x y z #7517 A7 B Bl I 1) AR A5 0 ] 4-23 Bl .
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IE—————— otk T it e —

B T o e e P R e e

Kl 4-23 FHERE T T AN T
i 4-23 Frs AT ANUE R TERAS xy z $l 77 [r) A7 B N I TR0 S 328 [ B (1) A8
GO, KT RS MIR 7 R ANLELE ) =TT I BE I A ARt 28, Ha €0
LARIR T To NHUNTIE 22 3 o0 22 DX 288 4045 F00 P e it 28, 21 6 AHLAE B TEARZS
() = 4L B A& 4-24 TR

K 4-24 FHERES T TE AN =4Epn 52 K
Wk 4-24 fios, iR T RANES GRS T 2 8] ¥ 4D i, Z0tsiefiliid
THRNPRIE AT 2, 5 O Rl R 2Rt IR 1 oo AL 22 0 28400 & T AL 32 s 2k,
152 Pl Fry it o i 3 1 e AL TR1IE AT (T
AP RANT K BB T TR LA S SRS E L A
A2 I 28 AT T TN o
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P 2 SB A SA T E  AR BRI (830)

4.6 KRB

A B VY e e AN UNTIE TGRS o ST AT Kt AL B 435 S s 2509 201 B
AGRR B, 7 B A RARYE gt T 2 T 30 B BT 3 T B AN
Yo WA BRI INE kBRI hr R B H 2 030, & se Bl S 8ot
YR 22 1673 20 ikt e NALIZ 3 25 Bdb AT B 4 Ak 21 oA 8 e AWLIZ B RFAIE
FETHE R otk R, el T NN RA O BBy 2 S FE A x Bhonik
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B3R 2 T AHEXIEF

AN e HREF (BP &M 45)

%% ZHUE X

omga = zeros(1,4); % PUANHALAFEH

PWM = zeros(1,4); % B4 A DL AL B R AE
PWMbase = 4.5; % JEIEVT]

quadctrl = zeros(1,4); % PU/M4%iil&E  1-Hight 2-Roll 3-Pitch 4-Yaw
quadparam(1).Roll=0; % EHA A
quadparam(1).Pitch=0; % I
quadparam(1).Yaw = 0; % MiIF
quadparam(1).RollSpeed =0; % BIR M MIHEE
quadparam(1).PitchSpeed = 0; % {0 £ A &
quadparam(1).YawSpeed =0; % Fii[nl /A
quadparam(1).X=0; % X FlRAE HESER
quadparam(1).Y =0; % Y J7 A%
quadparam(1).Z=0; % Z 7R
quadparam(1).XSpeed =0; % X J5 [A]3# /&
quadparam(1).YSpeed =0; % Y J5 [F# &
quadparam(1).ZSpeed = 0; % Z Jj [f) 34 i

global BPNN_ Struct

BPNN_ Struct.alfa = 0.25; % Pt R

BPNN Structeta= 0.025; % 3Ji#%
BPNN_Struct.inlayer num =4; % #iAJZ 4(sp,measure,curerr,1)
BPNN_Struct.hidlayer num=5; % BREES
BPNN_Struct.outlyer num =3; % %t /Z= 3(kp,ki,kd)

Roll BPNNPID(1).sp =45 * pi/180;
Roll BPNNPID(1).kp = 0;

Roll BPNNPID(1).ki = 0;

Roll BPNNPID(1).kd = 0;

Roll BPNNPID(1).res = 0;

Roll BPNNPID(1).curerr = 0;
Roll BPNNPID(1).preerr = 0;
Roll BPNNPID(1).preerr2 = 0;
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Roll BPNNPID(1).w_hid2outcur = rands(BPNN_Struct.hidlayer num,
BPNN_Struct.outlyer num); % #JEAERE 2t E AR
% Roll BPNNPID(1).w_hid2outcur = [-0.860635505702396,-

1.07837953085719,0.972726842386677;-
0.0207744999678220,1.07651903005100,0.461765515010307;-
0.185311621943458,0.526141314517334,0.276368175283330;-
0.156476541109281.,-
1.00197972525699,0.0225491843896703;0.00609010587870717,-
0.208909423046965,-0.365226848613607]; % HIUAtkla 2 24 H 2 AR L
Roll BPNNPID(1).w_hid2outpre = Roll BPNNPID(1).w_hid2outcur; % Hi—
RETINAL Z 4

Roll BPNNPID(1).w_hid2outpre2 = Roll BPNNPID(1).w_hid2outcur; % Hj %
PRI Z 4

Roll BPNNPID(1).w_in2hidcur = rands(BPNN_Struct.inlayer num,
BPNN_Struct.hidlayer num); % 4F7HIANZEZRZENRREL

% Roll BPNNPID(1).w_in2hidcur =
[0.267747258869743,0.668299552079281,0.00839196955710231,-
0.109108154756574,-0.831236751136591;-
0.116869663389750,0.317285394467104,0.172988869128332,0.80942637651096
5,0.841356421221892;-
0.617774911076605,1.02137253828881,0.880696128576263,0.418364704997009,
-0.890675668550666;0.986120913207794,-
0.772369460249276,0.293953327986481,0.343936928276378,0.052482700083 11
441, % ARTHENE ZRE IR

Roll BPNNPID(1).w_in2hidpre =~ = Roll BPNNPID(1).w_in2hidcur;

Roll BPNNPID(1).w_in2hidpre2 = Roll BPNNPID(1).w_in2hidcur;

Z BPNNPID(1).sp=1;

Z BPNNPID(1).kp = 0;

Z BPNNPID(1).ki = 0;

Z BPNNPID(1).kd = 0;

Z BPNNPID(1).res = 0;

Z BPNNPID(1).curerr =0;
Z BPNNPID(1).preerr = 0;
Z BPNNPID(1).preerr2 = 0;
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Z BPNNPID(1).w_hid2outcur = rands(BPNN_ Struct.hidlayer num,
BPNN_Struct.outlyer num); % #JEAERE 2t E AR
% Z BPNNPID(1).w_hid2outcur = [-0.860635505702396,-

1.07837953085719,0.972726842386677;-
0.0207744999678220,1.07651903005100,0.461765515010307;-
0.185311621943458,0.526141314517334,0.276368175283330;-
0.156476541109281 -
1.00197972525699,0.0225491843896703;0.00609010587870717,-
0.208909423046965,-0.365226848613607]; % HIUHILIZ ZEd HZE IR %L
Z BPNNPID(1).w_hid2outpre = Z BPNNPID(1).w_hid2outcur; % & — X
V&

Z BPNNPID(1).w_hid2outpre2 = Z BPNNPID(1).w_hid2outcur; % B P KX
R InA 2 5

Z BPNNPID(1).w_in2hidcur = rands(BPNN_ Struct.inlayer num,
BPNN_Struct.hidlayer num); % 4F7HIANZEZRZENRREL
% Z BPNNPID(1).w_in2hidcur =

[0.267747258869743,0.668299552079281,0.00839196955710231,-
0.109108154756574,-0.831236751136591;-
0.116869663389750,0.317285394467104,0.172988869128332,0.80942637651096
5,0.841356421221892;-
0.617774911076605,1.02137253828881,0.880696128576263,0.418364704997009,
-0.890675668550666;0.986120913207794,-
0.772369460249276,0.293953327986481,0.343936928276378,0.05248270008311
441, % HETHENZ ZREIRE

Z BPNNPID(1).w_in2hidpre = =Z BPNNPID(1).w_in2hidcur;

Z BPNNPID(1).w_in2hidpre2 =Z BPNNPID(1).w_in2hidcur;

ctrlchoose =0; % 0-Roll,1-Z
if ctrlchoose == 0
BPNN _Struct.alfa=025; % it R%L
BPNN Structeta= 0.025; % %
else
BPNN_ Struct.alfa=0.1; % TR %
BPNN Structeta= 0.01; % 2%

end
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%% K

Ts=0.01; % KA

N_iter = 20000; % 1 HE ¥

quadparam(2) = Quadrotor Model(quadparam(1), [0 0 0 0], [0 Ts]); % #J4Htk
VU i AR

for t=Ts:Ts:Ts*N _iter
sprintf('%2.2t%%!", t/(Ts*N_iter)*100)

if ctrlchoose ==
Roll BPNNPID(round(t/Ts)+1) =
BPNN_PID(Roll BPNNPID(round(t/Ts)), quadparam(round(t/Ts)+1).Roll,
quadparam(round(t/Ts)).Roll);
PWM(round(t/Ts)+1,:) = PID2Ctrlparam(PWMbase,
Roll BPNNPID(round(t/Ts)+1).res,0, 0, 0); % PID %t E#44k AL
else

Z BPNNPID(round(t/Ts)+1) = BPNN_PID(Z BPNNPID(round(t/Ts)),
quadparam(round(t/Ts)+1).Z, quadparam(round(t/Ts)).Z);

PWM(round(t/Ts)+1,:) = PID2Ctrlparam(PWMbase, 0, 0, O,
Z BPNNPID(round(t/Ts)+1).res); % PID % Hi B4k AL
end

omga(round(t/Ts)+1,:) = BLDC Model(PWM(round(t/Ts)+1,:), [t-Ts t],
omga(round(t/Ts),:)); % BLDC i A\HLJE, frtH fAidfE

quadctrl(round(t/Ts)+1,:) =
BLDCSped2QuadCtrl(omga(round(t/Ts)+1,:)); % NN T T, i
VU i 3 2575

quadparam(round(t/Ts)+2) = Quadrotor Model(quadparam(round(t/Ts)+1),
quadctrl(round(t/Ts)+1,:), [t-Ts t]); % DUl Heppm iy

end
%% %
if ctrlchoose ==
figure(1)
plot((0:Ts: Ts*(N _iter))', [quadparam(2:end).Roll],'’k', (0:Ts:Ts*(N _iter+1))',
Roll BPNNPID(1).sp * ones(N_iter+2,1),'r");
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xlabel('t/s');
ylabel('Roll/rad");
title('Roll');
legend("I & 1H", W E");
else if ctrlchoose == 1
figure(2)
plot( (0:Ts:Ts*(N_iter))', [quadparam(2:end).Z],'’k', (0:Ts:Ts*(N_iter+1))',
Z BPNNPID(1).sp * ones(N _iter+2,1),'r");
xlabel('t/s');
ylabel('Z/m");
title('Z");
legend ("Ml EAH", W EEAH");
end

end

TN GetEHIFE R ChL T RESE)
%% SHEEE

w = 0.6; % fRPER T
cl=2; % Ik
c2=2; % N AL
Dim = 3; % HEHL

SwarmSize = 20; % R TR
ObjFun = @PSO_PID; % ¥tk sk $a)tn

Vmax = 1; % R B A
Vmin = -1;
MaxlIter = 10; % e NIEARIREL
MinFit = 0.01; % f/NE N AH
ctrlchoose = 1; % 0-Roll 1-Z
if ctrlchoose ==
Ub = [300 20 5]; % pid ZHFE X E Roll

else if ctrlchoose == 1
Ub=[1002050]; % pid ZHHEKE Z
end
end
Lb=[000];
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%% R HERIR 1L
Range = ones(SwarmSize,1)*(Ub-Lb);
Swarm = rand(SwarmSize,Dim).*Range + ones(SwarmSize,1)*Lb;
(AT i
VStep = rand(SwarmSize,Dim)*(Vmax-Vmin) + Vmin;
LR YE S
fSwarm = zeros(SwarmSize,1);
for i=1:SwarmSize

sprintf("FIZE40 25 %od AMHLT,0)

fSwarm(i,:) = feval(ObjFun,Swarm(i,:),ctrlchoose);
3 AR

end

%% MR AFEAA A
[bestf, bestindex] = min(fSwarm);
zbest = Swarm(bestindex,:); % 4 RmfE

gbest = Swarm; % Mt
fgbest = fSwarm; % MR AEE NAE
fzbest = bestf; % 4R AR MR

K p(1) = zbest(1);
K i(1) = zbest(2);
K d(1) = zbest(3);
% Quadrotor_Control(K p(end),K i(end),K d(end), ctrlchoose,1);
%% IEATL
iter = 0;
y_fitness = zeros(1,Maxlter); % THer=4E 4 N2 HFE
while( (iter < Maxlter) && (fzbest > MinFit) )
sprintf(' £ %d %A, MaxIter)
for j=1:SwarmSize
VStep(j,:) = w*VStep(j,:) + cl*rand*(gbest(j,:) -
c2*rand*(zbest - Swarm(j,:)); % I HH
if VStep(j,:)>Vmax, VStep(j,:)=Vmax; end
if VStep(j,:)<Vmin, VStep(j,:)=Vmin; end
Swarm(j,:)=Swarm(j,:)+VStep(j,:); % or B

% ¥l

% 4]

% KLy

Swarm(j,:)) +
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for k=1:Dim
if Swarm(j,k)>Ub(k), Swarm(j,k)=Ub(k); end
if Swarm(j,k)<Lb(k), Swarm(j,k)=Lb(k); end
end
fSwarm(j,:) = feval(ObjFun,Swarm(j,:),ctrlchoose); % & MNAH
if fSwarm(j) < fgbest(j) % MBI BT
gbest(j,:) = Swarm(j,:);
fgbest(j) = fSwarm(j);
end
if fSwarm(j) < fzbest % AR
zbest = Swarm(j,:);
fzbest = fSwarm(j);
end
end
iter = iter+1; % IEACIRE T Hr
y_fitness(1,iter) = fzbest; % Nz B
K p(1,iter) = zbest(1);
K i(1,iter) = zbest(2);
K _d(1,iter) = zbest(3);
% Quadrotor_Control(K p(end),K i(end),K d(end), ctrlchoose,1);
end
%% 2l
figure(2) % 2 REFR bR ITAE FIAR{L 2k
subplot(121)
plot(y_fitness)
title(" B LA IE RIAH");
xlabel("EARIREL);
ylabel (& NAE");
set(gca);
subplot(122) % %] PID #5518 S 538k h £k
plot(K_p,"™*-b");

hold on
plot(K 1,'k")
plot(K d,'--1')

title('Kp- Ki. Kd fEALHIZE";
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xlabel("EARIREL);

ylabel('Z41E");

set(gca);

legend('Kp','Ki','’Kd");

figure(1);

Quadrotor_Control(K p(end),K i(end),K d(end), ctrichoose,1);

RATI R
#include "Copter.h"
void Copter::update_ home from EKF()

{
if (ahrs.home is set()) {
return;
h
if (motors->armed()) {
set home to current location_inflight();
} else {
if (!set home to current location(false)) {
b
}
b

void Copter::set home to current location inflight() {
Location temp_loc;
Location ekf origin;
if (ahrs.get location(temp_loc) && ahrs.get origin(ekf origin)) {
temp_loc.alt = ekf origin.alt;
if (!set_home(temp_loc, false)) {
return;
b
#if MODE _SMARTRTL ENABLED == ENABLED
g2.smart_rtl.set_home(true);
#endif

}
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bool Copter::set home to current location(bool lock) {
Location temp_loc;
if (ahrs.get location(temp_loc)) {
if (!set_home(temp loc, lock)) {
return false;
}
#if MODE _SMARTRTL _ENABLED == ENABLED
g2.smart_rtl.set home(true);
#endif
return true;

}

return false;

}

bool Copter::set_home(const Location& loc, bool lock)
{
Location ekf origin;
if ('ahrs.get origin(ekf origin)) {
return false;
b
if (far_from EKF origin(loc)) {
return false;
}
const bool home was_set = ahrs.home is_set();
if (ahrs.set_home(loc)) {
return false;
}
if ('home was_set) {
AP::logger().Write Event(LogEvent::SET HOME);
#if MODE_AUTO ENABLED == ENABLED
if (should log(MASK LOG _CMD)) {
AP_Mission::Mission Command temp cmd;
if (mode auto.mission.read cmd_from storage(0, temp cmd)) {

logger.Write Mission_Cmd(mode auto.mission, temp cmd);
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#endif
}
if (lock) {
ahrs.lock _home();
}
return true;
h

bool Copter::far from EKF origin(const Location& loc)

{
Location ekf origin;

if (ahrs.get origin(ekf origin)) {

if ((ekf origin.get distance(loc)
EKF ORIGIN MAX DIST KM*1000.0)) {
return true;
b
if (labs(ekf origin.alt - loc.alt)*0.01
EKF ORIGIN MAX ALT KM*1000.0) {
return true;
b

}

return false;

TN REFZHIRE T GEAEEIZD
%% WAEHIEF A PID 24
nvars = 3; % M EEH
populationsize = 40; % FhHEA/N
generation = 20; % f R

N_iter = 20; % F RIEAIREL
elitenum = 10; % FETEANEL
ctrlchoose = 1; % 0-Roll 1-Z

if ctrlchoose == 0
fitnessfcn = @ GA_Roll PID; % N FE R ELF) A
UB =[300 20 5]; % pid ZEBE A Roll

else if ctrlchoose == 1
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fitnessfcn = (@ GA_Z PID; % &N BRI EL B AR
UB =1[402020]; % pid ZHHEKE Z
end
end
LB=[000]; % IR
options = gaoptimset('PopulationSize',populationsize, PopInitRange',[LB;UB]....

'EliteCount',elitenum,'CrossoverFraction',0.6,'Generations',generation,...

'StallGenLimit',N _iter,'TolFun',1e-
2,'PlotFens',@gaplotbestf); % HiLSHNE
[x_best,fval]=ga(fitnessfen,nvars, [],[],[],[],LB,UB,[],options); % 11T I L
AT

HLER & R B B R R
#include "Copter.h"

void Copter::read barometer(void)

{
barometer.update();
baro_alt = barometer.get altitude() * 100.0f;
motors->set_air_density ratio(barometer.get air density ratio());
}
void Copter::init_rangefinder(void)
{

#if RANGEFINDER ENABLED == ENABLED
rangefinder.set_log rfnd bittMASK LOG_CTUN);
rangefinder.inittROTATION _PITCH_270);
rangefinder state.alt cm_filt.set cutoff frequency(g2.rangefinder filt);
rangefinder_state.enabled =

rangefinder.has_orientation(ROTATION PITCH_270);
rangefinder up state.alt cm_filt.set cutoff frequency(g2.rangefinder filt);
rangefinder up_state.enabled =

rangefinder.has_orientation(ROTATION PITCH_90);

#endif

b

void Copter::read rangefinder(void)
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{
#if RANGEFINDER ENABLED == ENABLED

rangefinder.update();

#if RANGEFINDER TILT CORRECTION ==ENABLED

const float tilt_correction = MAX(0.707f,

ahrs.get rotation body to ned().c.z);
#else
const float tilt_correction = 1.0f;
#endif
struct {
RangeFinderState &state;

enum Rotation orientation;

} rngfnd[2] = {{rangefinder _state, ROTATION PITCH_270},

{rangefinder up state, ROTATION_ PITCH 90}};

for (uint8 ti=0; 1 < ARRAY_SIZE(rngfnd); i++) {
RangeFinderState &rf state = rngfnd][i].state;
enum Rotation rf orient = rngfnd[i].orientation;
rf state.alt healthy = ((rangefinder.status orient(rf orient)
RangeFinder::Status::Good) &&

(rangefinder.range valid count orient(rf orient)
RANGEFINDER HEALTH MAX));
rf state.alt cm = tilt_correction
rangefinder.distance cm_orient(rf orient);
rf state.inertial alt cm = inertial nav.get altitude();
const int32 t glitch cm = rf_state.alt cm
rf state.alt cm_glitch protected;
if (glitch_cm >= RANGEFINDER GLITCH_ALT CM) {
rf state.glitch _count = MAX(rf state.glitch _count+1, 1);
} else if (glitch_cm <= -RANGEFINDER GLITCH_ALT CM) {
rf state.glitch count = MIN(rf state.glitch _count-1, -1);
} else {
rf state.glitch count = 0;
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rf state.alt cm_glitch protected = rf state.alt cm;
}
if (abs(rf _state.glitch count) >=
RANGEFINDER GLITCH NUM_SAMPLES) {
rf state.glitch count = 0;
rf state.alt cm_glitch protected = rf state.alt cm;
rf state.glitch cleared ms = AP_HAL::millis();

}
uint32_t now = AP_HAL::millis();
const bool timed out = mnow - rf statelast healthy ms >

RANGEFINDER TIMEOUT MS;
if (rf_state.alt healthy) {
if (timed_out) {
rf state.alt cm_filt.reset(rf state.alt cm);
} else {
rf state.alt cm_filt.apply(rf state.alt cm, 0.05f);
b

rf state.last _healthy ms = now;
b
if (rf_orient == ROTATION_PITCH 270) {
if (rangefinder_state.alt healthy || timed out) {
wp_nav->set_rangefinder alt(rangefinder state.enabled,
rangefinder state.alt healthy, rangefinder state.alt cm_filt.get());
#if MODE CIRCLE ENABLED
circle nav->set rangefinder alt(rangefinder state.enabled &&
wp_nav->rangefinder used(), rangefinder state.alt healthy,
rangefinder_state.alt cm_filt.get());
#endif
#if HAL PROXIMITY ENABLED
g2 .proximity.set_rangefinder alt(rangefinder state.enabled,
rangefinder state.alt healthy, rangefinder state.alt cm_filt.get());
#endif
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#else

rangefinder_state.enabled = false;
rangefinder state.alt healthy = false;
rangefinder_state.alt cm = 0;
rangefinder up_state.enabled = false;
rangefinder up state.alt healthy = false;

rangefinder up_state.alt cm = 0;

#endif
}
bool Copter::rangefinder alt ok() const
{

return (rangefinder_state.enabled && rangefinder state.alt healthy);
}
bool Copter::rangefinder up ok() const
{

return (rangefinder up state.enabled && rangefinder up_state.alt healthy);
}
bool Copter::get rangefinder height interpolated cm(int32 t& ret)
{

if (rangefinder alt ok()) {

return false;

b

ret = rangefinder state.alt cm_filt.get();

float inertial alt cm = inertial nav.get altitude();

ret += inertial alt cm - rangefinder state.inertial alt cm;

return true;
h

void Copter::rpm_update(void)

{

#if RPM_ENABLED == ENABLED

rpm_sensor.update();
if (rpm_sensor.enabled(0) || rpm_sensor.enabled(1)) {
if (should log(MASK LOG_RCIN)) {
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logger.Write. RPM(rpm_sensor);

¥
#endif

}

void Copter::compass_cal update()

{

compass.cal update();

if (hal.util->get_soft_armed()) {
return;
b
static uint32_t compass_cal_stick gesture begin = 0;
if (compass.is_calibrating()) {
if (channel yaw->get control in() < -4000 &&
channel throttle->get control in() > 900) {
compass.cancel calibration_all();
b
} else {
bool stick gesture detected = compass cal stick gesture begin != 0
&& !motors->armed() && channel yaw->get control in() > 4000 &&
channel throttle->get control in() > 900;
uint32 t tnow = millis();
if (Istick gesture detected) {
compass_cal stick gesture begin = tnow;
} else if (tnow-compass_cal stick gesture begin >
1000*COMPASS CAL_STICK GESTURE TIME) {
#ifdef CAL_ ALWAYS _REBOOT

compass.start_calibration_all(true,true, COMPASS CAL STICK DELAY,true);

#else

compass.start_calibration_all(true,true, COMPASS CAL STICK DELAY,false);
#endif
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b
}
b
void Copter::accel cal update()
{

if (hal.util->get_soft armed()) {
return,;

h

ins.acal_update();

float trim_roll, trim_pitch;

if(ins.get new_trim(trim_roll, trim_pitch)) {
ahrs.set_trim(Vector3f(trim_roll, trim_pitch, 0));

b

#ifdef CAL_ ALWAYS REBOOT

if (ins.accel cal requires_reboot()) {
hal.scheduler->delay(1000);
hal.scheduler->reboot(false);

}
#endif

h

void Copter::init_proximity(void)

{

#if HAL PROXIMITY ENABLED
g2 .proximity.init();

#endif

}

P2 [0 28 A 7Y

% Solve an Input-Output Fitting problem with a Neural Network
% Script generated by Neural Fitting app

% Created 16-May-2022 17:21:51

%

% This script assumes these variables are defined:

%

%  x - input data.
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% y - target data.
x=xlIsread('data.xlsx','A3:A82")
y=xlIsread('data.xlsx','B3:B82");

% Choose a Training Function

% For a list of all training functions type: help nntrain

% 'trainlm' is usually fastest.

% 'trainbr' takes longer but may be better for challenging problems.
% 'trainscg' uses less memory. Suitable in low memory situations.

trainFen = 'trainlm'; % Levenberg-Marquardt backpropagation.

% Create a Fitting Network
hiddenLayerSize = 10;
net = fitnet(hiddenLayerSize,trainFcn);

% Setup Division of Data for Training, Validation, Testing
net.divideParam.trainRatio = 70/100;
net.divideParam.valRatio = 20/100;
net.divideParam.testRatio = 10/100;

% Train the Network

[net,tr] = train(net,X,t);

% Test the Network
y = net(x);
e = gsubtract(t,y);

performance = perform(net,t,y)

% View the Network

view(net)
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% Plots

% Uncomment these lines to enable various plots.
%figure, plotperform(tr)
%figure, plottrainstate(tr)
%figure, ploterrhist(e)
%figure, plotregression(t,y)
%figure, plotfit(net,x,t)
x1=linspace(1,100,100);
t1=sim(net,x1)
plot(x,t,"*r',x1,t1,'b-")

xlabel (' £
ylabel('FH E5")

grid on

legend ('R AGEAE, TR £ 45"

A1 228 XA 2% it 228 TR
x=xlIsread('data.xlsx','A3:A82");
y=xlIsread('data.xlsx','E3:G82");
close all

X=X

t=y'

% Choose a Training Function

% For a list of all training functions type: help nntrain

% 'trainlm' is usually fastest.

% 'trainbr' takes longer but may be better for challenging problems.
% 'trainscg' uses less memory. Suitable in low memory situations.

trainFcn = 'trainlm'; % Levenberg-Marquardt backpropagation.
% Create a Fitting Network
hiddenLayerSize = 3;

net = fitnet(hiddenLayerSize,trainFcn);

% Setup Division of Data for Training, Validation, Testing

net.divideParam.trainRatio = 70/100;
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net.divideParam.valRatio = 20/100;
net.divideParam.testRatio = 10/100;

% Train the Network

[net,tr] = train(net,x,t);

% Test the Network
y = net(x);
e = gsubtract(t,y);

performance = perform(net,t,y)

% View the Network

view(net)

% Plots

% Uncomment these lines to enable various plots.
figure, plotperform(tr)

figure, plottrainstate(tr)

figure, ploterrhist(e)

figure, plotregression(t,y)

figure, plotfit(net,x,t)
x1=linspace(1,100,100);
t1=sim(net,x1)

a=t(1,:);

b=t(2,:);

c=t(3,:);

al=tl(1,:);

bl=t1(2,:);

cl=t1(3,:);
figure,plot3(a,b,c,'r','linewidth',2)
xlabel('x FHFEE")

ylabel('y % ")

zlabel('z HliEE 55"

axis([0 13016 59])

grid on
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figure
plot3(a,b,c,'t','linewidth',2)
hold on

plot3(al,bl,cl,'b--0")

xlabel('x FliEE &)

ylabel('y FlIFEES"

zlabel('z R ")

grid on

legend (' JF 4G Hc 4, TN 45 ")
axis([0 13016 59])

figure

subplot(311)
plot(x,a,'*-r',x1,al,'--k")
xlabel (' [A]")

ylabel('x HiFEE")

grid on
legend('JF 4G £ 4, TN 45 ")
axis([0 100 0 13])
subplot(312)
plot(x,b,"*-r',x1,b1,"--k")
xlabel (' 7]")

ylabel('y FliFEES"

grid on
legend(' 5 46 E 4, Ll £ 4 )
axis([0 100 0 16])
subplot(313)
plot(x,c,*-r',x1,cl,"--k")
xlabel("F [a]")

ylabel('z f#5 2"

grid on
legend(' IR AGEAE, TN £ 45"
axis([0 100 5 9])

TR iR 2 T
x=xlsread('data.xlsx','A3:A82");
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y=xlIsread('data.xlsx','H3:J82");
close all

X=X

t=y;

% Choose a Training Function

% For a list of all training functions type: help nntrain

% 'trainlm' is usually fastest.

% 'trainbr' takes longer but may be better for challenging problems.
% 'trainscg' uses less memory. Suitable in low memory situations.

trainFen = 'trainlm'; % Levenberg-Marquardt backpropagation.

% Create a Fitting Network
hiddenLayerSize = 3;
net = fitnet(hiddenLayerSize,trainFcn);

% Setup Division of Data for Training, Validation, Testing
net.divideParam.trainRatio = 70/100;
net.divideParam.valRatio = 20/100;
net.divideParam.testRatio = 10/100;

% Train the Network

[net,tr] = train(net,x,t);

% Test the Network
y = net(x);
e = gsubtract(t,y);

performance = perform(net,t,y)

% View the Network

%view(net)

% Plots

% Uncomment these lines to enable various plots.

%figure, plotperform(tr)
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%figure, plottrainstate(tr)
%figure, ploterrhist(e)
%figure, plotregression(t,y)
%figure, plotfit(net,x,t)
x1=linspace(81,100,20);
t1=sim(net,x1);
ty=xlIsread('data.xlsx','B83:D102");
ty=ty";

a=ty(1,:);

b=ty(2,:);

c=ty(3,:);

al=tl(1,:);

bl=t1(2,:);

cl=tl(3,:);

A=a-al;

A=A"2;

B=b-bl;

B=B."2;

C=c-cl;

C=C."2;
D=(A+B+C).~(0.5);
u=sum(D)/20
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SNSRI R IFEX

UAV-Involved Wireless Physical-Layer Secure

Communications: Overview and Research Directions

Abstract Due to their flexible deployment and on-demand mobility, small-scale
unmanned aerial vehicles (UAVs) are anticipated to be involved in widespread
communication applications in the forthcoming fifth-generation networks. However,
the confidentiality of UAV communication applications is vulnerable to security threats
due to the broadcast nature and dominant line-of-sight channel conditions, and
physical-layer security can be applied for secrecy performance enhancement in such a
context. On the other hand, it is also promising to exploit UAVs to cooperatively protect
secure communications. This article provides an overview of the recent research efforts
on UAV-in- volved secure communications at the physical layer. We focus on the design
of secure transmission schemes according to different roles of UAVs and the
optimization of introduced degrees of freedom by the unique characteristics of UAVs.
We also propose some future research directions on this topic.

Introduction

Equipped with various kinds of sensors and actuators like the inertial measurement unit
(IMU), range sensors (ultrasonic, infrared, laser), barometer, magnetometer, GPS,
cameras, and visual systems, unmanned aerial vehicles (UAVs) are promising to
support a wide range of applications due to their characteristics of flexible deployment,
low acquisition and maintenance costs, high maneuverability, and hovering ability [1].
Historically, UAVs have been considered for military applications from the beginning
to carry out some simple but risky tasks, such as monitoring and attacking hostile targets.
Thereafter, further attention has been paid to applying small- scale UAVs for emerging
civilian tasks, including aerial photography, emergency search and res- cue, resource
exploration, cargo transport, and so on. The U.S. Federal Aviation Administration (FAA)
has released operational rules to guideline the working definition of low-altitude small-
scale UAVs with aircraft weight less than 55 pounds and maximum altitude less than
400 feet above ground level. FAA has launched a further national program, the “Drone
Integration Pilot Program,” to explore the expanded use of UAVs. Motivated by their
unique characteristics, UAVs have also been considered to play an important role in
future communication systems [2]. On one hand, since UAVs are generally exploited

to carry out tasks at a relatively high altitude, the aerial- to-ground (A2G) line-of-sight
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(LoS) channels are likely to provide channel superiority compared to ground
communication channels in cellular net- works, which are significantly affected by
severe fading and shadowing effects. On the other hand, due to their on-demand
mobility characteristic, UAVs can be flexibly deployed, which will introduce new
degrees of freedom (DoFs) with respect to their positions. To facilitate efficient and
reliable transmission, the established UAV-in- volved communication links can be
categorized as payload communication and control and non-payload communication
(CNPC), the specific requirements of which can be totally different and thus have been
specified by the Third Generation Partnership Project (3GPP) recently.

Due to the openness of the wireless environment, the security and privacy of wireless
communication applications are of utmost concern. In particular, the confidentiality of
UAV wireless communications is more challenging to protect under LoS propagations,
which potentially pro- vide strong quality of A2G wiretap channels for hostile entities.
Therefore, effective methods are urgently needed for secure UAV communications.
Traditionally, the cryptography-based methods are exploited to protect the
confidentiality of secure communications by using shared secret keys. However, the
high mobility characteristic of UAVs makes the corresponding key management and
distribution more challenging. Besides, ultra-reliable and low-latency communication
links between UAVs and the associated ground control stations (GCSs) are required to
support their two-way on-demand control to ensure safe and efficient operation of
UAVs. Therefore, the cryptography-based methods are unsuitable due to the significant
processing delay. In addition, a general drawback of cryptography-based methods is
that these methods are dependent on the computational complexity, and thus perfect
secrecy cannot be guaranteed. The methods will be invalid if the hostile entity has
powerful computing devices. Under this condition, physical-layer security (PLS) has
been proposed and developed as a key complementary technique for secure wireless
communications [3]. The basic idea of PLS is to exploit the randomness characteristics
of wireless channels, which is key-less and thus promising for UAV secure
communications to overcome the aforementioned drawbacks. In addition, since secrecy
performance is highly dependent on the superiority of legitimate channels to wiretap
channels, additional DoFs provided by the on-demand mobility of UAVs can be
exploited to guarantee the expected channel superiority and thus improve secrecy

performance.
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In such a context, UAV-involved physical-layer secure wireless communications has
attracted increasing interest in recent years. In general, they could be categorized as
UAV-enabled secure communications and UAV-aided secure cooperation, according to
different roles of UAVs in secure communications. Specifically, UAVs can be exploited
as legitimate transceivers for the former typical scenario to establish direct
communication links, such as aerial base stations providing temporary wireless
connections for ground users or aerial terminals carrying on other specific tasks (e.g.,
surveillance). For the latter typical scenario, UAVs are exploited to enable friendly
relaying or jamming, so as to cooperatively enhance the secrecy performance of secure
communications. Compared to the existing traditional PLS research, the most
significant difference is that extra security DoFs have been introduced in UAV wireless
communications, inspired by the flexible deployment and on-demand mobility of UAVs.
Specifically, 3D deployment of static UAVs and trajectory design of mobile UAVs
together with transmit power can be jointly optimized for secrecy performance
enhancement. Efficient secure transmission schemes should be carefully designed, and
position/trajectory/power should be optimized. However, a well-organized overview of
recent research progress on this topic is still absent as far as we know, which motivates

this article.

The article is organized as follows. The typical application scenarios of UAV-involved
secure wireless communications as well as the main design considerations brought in
by the mobility of UAVs are introduced. Then we focus on the recent research efforts
on UAV-involved secure communications under various typical application scenarios.
Finally, we propose some future research directions on this topic.

Typical Application Scenarios And Main Design Consider Actions

As mentioned above, the typical application scenarios can essentially be summarized
as UAV-enabled secure communications and UAV-aided secure cooperation according
to different roles of UAVs in secure communications. Furthermore, a hybrid secure
transmission scheme could be obtained by combining the two typical application

scenarios. Figure 1 depicts the methodology of UAV-involved secure communications.

For the first typical scenario, UAVs can be exploited as aerial base stations to potentially
pro- vide temporary connectivity services for the area without cellular infrastructure
coverage. It may happen due to natural disasters in emergency situations or data traffic

offloading in a hotspot area with densely distributed users. On the other hand, UAVss
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can also be exploited as aerial terminals with their own missions such as aerial
surveillance and video streaming. UAV aerial terminals are under the control of
associated GCSs through CNPC links for automatic operation and are willing to
establish data transmission links with ground base stations (GBSs) for information
exchange. In both cases, however, the confidentiality of UAV communications is
vulnerable to security threats from hostile entities due to the broadcast nature of
wireless transmissions. As a result, enhancing the corresponding secrecy at the physical

layer becomes critical for the above application scenarios.

C UAV-involved secure communications

/\

GAV-enabled secure communicatio \ ( UAV-aided secure cooperation

w

\ DA

UAV aerial
egitimate terminal

UAV aerial base

stations /

(UAV-enabled\ UAV-enabIed\

mobile relaying / \friendly jamming/

\

( UAV-enabled hybrid secure transmission scheme /

FIGURE 1. Specific applications for UAV-involved secure communications.
To further improve secrecy performance, UAV-aided secure cooperation is recognized
as another typical application scenario and can be generally categorized as UAV-
enabled mobile relaying and UAV-enabled friendly jamming. Due to their on-demand
mobility, UAVs could be deployed as mobile relays to enhance the superiority of
legitimate channels in the dynamic environment, and the dominant LoS conditions can
also be exploited for UAV-enabled friendly jamming to effectively degrade the quality
of wiretap channels. As a result, both will improve secrecy capacity according to the

basic principles of PLS.

The most significant observation is that new security DoFs, including 3D position
design of static UAVs and trajectory design of mobile UAVs, have been introduced by
the on-demand mobility characteristic of UAVs. Together with the traditional DoF,
transmit power design, they could be exploited jointly to enhance secrecy performance
of UAV-involved transmission schemes under different typical application scenarios.

The corresponding issues on these aspects are discussed below.
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Under the secure communication scenarios involving static UAVs, the 3D position
design will significantly affect the secrecy performance of secure transmissions. For a
tractable analysis, the optimal 3D position can be determined by joint design of UAV
horizontal position and flight altitude. The design of horizontal position is related to the
distributions of both legitimate users and ground eavesdroppers. Intuitively, UAVs
should be positioned horizontally close to legitimate users and far away from potential
eavesdrop- pers when providing communication services or cooperative relaying, while
in a reverse manner when providing friendly jamming. On the other hand, with the
increase of UAV flight height, the effect of large-scale path loss is enhanced while the
probability of the LoS path being blocked is reduced. Therefore, the optimal flight

altitude generally exists under different conditions.

Due to their on-demand mobility characteristic, the trajectory design of mobile UAVs
is further considered to be exploited for secure communications. It is expected to
enhance the superiority of legitimate channels to wiretap channels by proper trajectory
design, which is beneficial to improve secrecy capacity according to the basic principles
of PLS. To facilitate the trajectory design, the periodic flight duration is generally
discretized into multiple short time slots, and mobile UAVs are approximately assumed
static in each time slot. It is worth noting that the length of each time slot should be
carefully chosen since a short time slot will simultaneously lead to high approximation

accuracy of static UAVs and high complexity of the designing problems.

Combined with the positions and trajectories of UAVs, the power-domain DoFs should
be jointly optimized to further improve secrecy performance. The quality of both
legitimate channels and wiretap channels is time-variant during the flight period, which
significantly affects the transmit power design. Generally, under different application
scenarios of UAV-involved secure communications, the purpose of transmit power
design is to sufficiently make use of the channel superiority of legitimate channels to
improve the secrecy capacity or to increase the channel superiority in an opportunistic

manner.

Based on the aforementioned application scenarios and main design considerations, the
recent research efforts on both UAV-enabled secure communications and UAV-aided
secure cooperation are provided subsequently. After that, we provide some valuable

future research directions according to the comprehensive analysis of the recent

110



M

P 2 SB A SA T E  AR BRI (830)

research efforts.

UAV-enabled secure communications

In this section, we provide the recent research efforts on UAV-enabled secure
communications. Based on different roles of UAVs, the specific applications in this
scenario can be separately categorized as UAV aerial base stations and UAV aerial
legitimate terminals, which are discussed in the following parts.

UAV Aerial base stations

Due to their high mobility, UAVs can be flexibly deployed as aerial base stations to
provide temporary communication services for a certain area, as depicted in Fig. 2. Due
to the broadcast nature of wireless transmissions and the dominating strong LoS
channels, there are severe eavesdrop- ping threats on secure transmissions. Based on
the location information of legitimate users and potential eavesdroppers, the on-demand
mobility of UAVs can be exploited to simultaneously enhance the quality of legitimate
channels and reduce the quality of wiretap channels as much as possible, and thus

improve secrecy performance.

Cﬁ: =~ < Trajectory
. N e
UAV aerial BS ~—- RN cﬁ.%:

& : Legitimate User ﬁ : Potential Eavesdropper

FIGURE 2. UAV aerial base stations to provide temporary secure communication services for
certain areas.

The corresponding problem involving UAV aerial base stations was first investigated
in [4]. Assuming that the position of the ground eaves- dropper was available under
LoS propagations, the trajectory and transmit power of the UAV aerial base station were
jointly optimized to maximize the average achievable secrecy rate. Figure 3 depicts the
optimal UAV trajectory designs and the corresponding achievable secrecy rates for
different flight periods. It is observed that the flight period is of great importance on the
feasibility in designing an efficient trajectory. If the flight period is sufficiently large,

the optimal fly- hover-fly scheme is adopted where a UAV aerial base station always
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flies at the maximum speed to reach the optimal position and then hovers (for rotary-

wing UAV without minimum flying speed limit) for better secrecy performance.

However, the actual locations of passive eavesdroppers are difficult to accurately
estimate in practice. Therefore, dealing with the position uncertainty becomes more
challenging. In [6], only the estimated locations of the ground eaves- droppers were
available, and their exact locations were assumed in an area with a bounded estimation
error. In this case, the authors jointly optimized the trajectory and transmit power to
maximize the average worst case secrecy rate. To effectively solve the non-convex
optimization problem, S-procedure was introduced to deal with the channel uncertainty
problem, and the block coordinate descent method with successive con- vex
approximation (SCA) was exploited to iteratively obtain a sub-optimal solution. The
proposed robust transmission scheme is validated to significantly improve the secrecy

performance in the case of imperfect location estimation.

As for static UAV aerial base stations, the multi-antenna technology is potential to
enhance the superiority of equivalent legitimate channels by proper beamforming
design. In [6], the authors investigated millimeter-wave (mmWave) secure
transmissions in Nakagamim fading environment with mixed LoS/non-LoS (NLoS)
A2G channels, and the 3D antenna gains of UAV aerial base stations were considered
in a stochastic geometry frame- work. To incorporate the UAV minimum separation
distance requirements, the matérn hardcore process was used to characterize the
locations of UAV aerial base stations. In addition, some of the random distributed UAVs
were further exploited as friendly jammers to improve the secrecy performance, and the
analytical expressions of the target user’s aver- age secrecy rate were derived. It has
been shown that although the achievable rates of both legitimate users and
eavesdroppers increase with the transmit power of UAV aerial base stations, there is an
optimal transmit power for maximizing the average secrecy rate under certain

conditions.
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FIGURE 3. The optimal trajectory designs of a UAV aerial base station and the corresponding
achievable secrecy rates against an external eavesdropper for different flight periods. The maximum
speed of UAV is 5 m/s and the reference signal-to-noise ratio (SNR) at the reference distance d0 =
1 m is 80 dB. The flying altitude of UAV is set as 50 m.

UAV Aerial legitimate terminals

Due to their flexible deployment and high mobility, UAVs have also been exploited as
aerial terminals to carry out some special tasks. Since UAV aerial terminals operate in
a practically automatic manner under the control of associated GCSs via wireless links,

their communication security is a critical issue and needs protection.

In [7], the authors discussed the ground-to-ae- rial (G2A) secure communications of the
static UAV legitimate terminal in the presence of a full-duplex ground eavesdropper,
where the eavesdropper simultaneously performed eaves- dropping and malicious
jamming. For secrecy performance enhancement, the null-space-based artificial noise
was exploited to reduce the quality of wiretap channels. Under the condition that only
the statistical channel state information (CSI) of the eavesdropper was known, the
hybrid outage probability combining both transmission outage probability and secrecy
outage probability (SOP) was derived. Based on the analytical expressions, the optimal
power allocation policy was obtained by a bisection search. The secrecy performance
could be improved by increasing the transmit power and/or equipping more transmit
antennas at the source. In addition, there is an optimal operation height of the UAV

aerial legitimate terminal under different conditions according to simulation results.

113



M

P 2 SB A SA T E  AR BRI (830)

To further take the mobility of UAVs into consideration, the authors in [8] investigated
the trajectory planning of the UAV aerial legitimate terminal against malicious jamming
to enhance the quality of G2A secure communications. The positions and jamming
powers of ground attackers were assumed to be fixed during the flight period, and were
empirically estimated by the corresponding statistical values. Then the 3D trajectory
was optimized to maximize the achievable throughput over the flight period, and SCA
methods were exploited to overcome the non-convexity of the optimization problem.
Moreover, the closed-form solution of the optimized 3D deployment of the static UAV
aerial legitimate terminal was geometrically derived, which was an asymptotic case of
the trajectory design with unlimited UAV speed. It is worth noting that the optimal
hovering position for the trajectory design is relatively close to the optimal deployment
of the UAV aerial legitimate terminal.

UAV-Aided secure cooperation

The recent research efforts on UAV-aided secure cooperation are provided in this
section. According to different roles of UAVs, the specific applications in this scenario
can be separately categorized as UAV-enabled mobile relaying and UAV-enabled
friendly jamming, which are dis- cussed below.

UAV-enabled Mobile relaying

According to the basic principles of PLS, cooperative relaying can be exploited to
achieve the superiority of legitimate channels to wiretap channels, which is critical to
improve secrecy capacity. However, the locations of traditional ground relay nodes are
time-invariant, which makes it difficult for them to flexibly adapt to the dynamic
environment. On the contrary, UAVs can move close to the related nodes for secure
communications due to their on-demand mobility when serving as relay nodes, as
depicted in Fig. 4. In such scenarios, the quality of legitimate A2G channels can be
enhanced while that of wiretap channels may be degraded due to their distinct
geometrical locations. As a result, UAV-enabled mobile relaying is promising to further

improve secrecy performance.

UAV-enabled mobile relaying was first investigated in [9] to maximize the average
achievable secrecy rate by optimizing the transmit power allocation among the flight
periods. Then a similar idea was extended in [10] to further include the joint design of
dynamic UAV trajectory. It is worth noting that decode-and-forward (DF) mode is
adopted in the above works, where UAV mobile relays are promising to approach GBSs

for better decoding capability. However, due to their limited velocity, the adopted DF-
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mode UAV relays are implicitly required to be equipped with a large buffer to store the
decoded messages, which causes significant transmission delay. Instead, amplify-and-
forward (AF) mode is an effective choice for UAV-enabled mobile relaying with less
processing complexity and transmission delay. Moreover, AF mode is appropriate for
untrusted relay scenarios to avoid additional secrecy issues. However, the mobility
characteristics of UAVs cannot be fully utilized since retransmission occurs at the
adjacent time slot, and the amplified background noise will lead to relative performance
loss at high signal-to-noise ratio (SNR) regime compared with DF mode. Above all, the
best relaying mode can be different and is highly dependent on the specific application

scenario.

Under the scenario where there are multiple mobile UAV relays, the authors in [10]
investigated opportunistic relaying in the presence of multiple UAV eavesdroppers.
Specifically, the optimal UAV relay was chosen according to the principle of
maximizing the end-to-end SNR, which is observed as a random selection from the
perspective of eavesdroppers. Considering the wireless backhaul reliability from the
GCS to the UAV-transmitter under Nakagamim fading conditions, the closed-form
expression of SOP was then derived under the assumption that the maximum ratio
combining (MRC) was applied among multiple UAV eavesdroppers. However, the
significant mobility characteristic of UAV-enabled mobile relaying was not exploited
in this work. Except for relay selection, cooperative beamforming is another choice to
enhance the quality of equivalent legitimate channels to improve secrecy performance.
To our best knowledge, related work on this topic is still missing, which is an open issue

for future research.
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FIGURE 5. UAV-enabled friendly jamming to transmit artificial noise against potential
eavesdroppers in a certain area.

UAV-enabled Hybrid Secure Transmission Scheme
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Under the scenario involving multiple UAVs for secure communications, different
UAVs can be assigned different tasks to provide a hybrid trans- mission scheme. In [14],
UAV-enabled friendly jamming was exploited to assist secure communications between
the UAV aerial base station and multiple legitimate ground users. Time-division
multiple access (TDMA) was adopted so that one legitimate user was scheduled in each
time slot while other unscheduled users were treated as potential eavesdroppers. In such
a scenario, the worst case average secrecy rate among legitimate users was maximized,
and the optimization problem was solved in an alternating iterative manner. In each
iteration, the closed-form expressions of the user scheduling binary integer variables
were obtained given fixed transmit powers and trajectories of dual UAVs, and then SCA
methods were exploited to deal with the non-convexity of other sub-problems. In [15],
a similar idea was investigated in the presence of multiple external ground
eavesdroppers. Given the constant transmit power, the collision avoidance constraint
was further taken into consideration for the safe- ty of dual UAVs. To deal with the non-
convexity caused by the user scheduling binary integer variables, the discrete binary
user scheduling constraints were first transformed into the equivalent equality
constraints by introducing auxiliary continuous variables. The penalty concave-convex
procedure (P-CCCP) method was then exploited to solve the obtained problem by
incorporating the corresponding penalty terms into the objective function in a double-
loop manner. It has been indicated that this design could be directly extend- ed to the

general scenarios where there are multiple UAV-friendly jammers.

Compared to other transmission schemes with a static friendly jammer or base station,
Fig. 6 validates the significant secrecy performance improvement brought by hybrid

transmission

0.8

I Hybrid transmission schem
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05 —F

0.4
[uRcy B

0.2

e e —

A

FIGURE 6. The achievable secrecy rate of the scheduled legitimate user against potential internal

eavesdropping vs. the flight period of UAV aerial base station and/or UAV-enabled friendly jammer.
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The maximum speed of UAV is 10 m/s, the reference SNR at the reference distance d0 =1 m is 80
dB, and the flying altitude of UAV is set as 50 m. The locations of K = 4 users are Pos = {(40, 30),
(=30, 20), (-20, 40), (10, —30)}. The location of the static friendly jammer or base station is set as
(0, 0).

Conclusion

In this article, we have provided an overview of recent research efforts on UAV-
involved secure wireless communications. The typical application scenarios have been
categorized as UAV-enabled secure communications and UAV-aided secure
cooperation according to different roles of UAVs. Then the main design considerations,
including 3D position design of static UAVs, trajectory design of mobile UAVs, and
transmit power design, have been investigated for secrecy performance enhancement.
Finally, we have also provided some valuable research directions on this topic. It is
hoped that this overview will lead to more significant and practical research for UAV-

involved secure wireless communications in the future.
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