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Abstract

Abstract

With the constant deepening of research in UAV-related fields, multi-UAV collaboration has
emerged as a central focus in current UAV research. This paper focuses on tactical decision-
making for UAV air combat, encompassing both pre-combat route planning guidance and in-
combat collaborative tactical decisions. It addresses the guidance of multi-UAVs through route
planning before combat and explores air combat maneuver decision-making and formation
coordination strategies within combat scenarios. Specifically, the study is structured around

three main aspects:

(1) In response to the complexities involved in the coordinated flight path design for Unmanned
Aerial Vehicles (UAVs), this study introduces a cooperative route planning framework for
UAVs utilizing an enhanced version of the grey wolf optimization algorithm. Designed to
streamline multi-UAV navigation and strategy formulation before entering combat zones, the
framework comprises a UAV cooperative route planning model. Firstly, a UAV cooperative
route planning model is constructed, including cooperative constraint analysis, single aircraft
evaluation function and multi-aircraft cooperative trajectory evaluation function, etc. Second,
to address the slow convergence and propensity for local optima characteristic of the
conventional Grey Wolf Optimizer (GWO), this study introduces modifications that optimize
the convergence coefficient using a non-linear function and adjust the algorithm's weighting
based on the adaptability of each Grey Wolf. The improved grey wolf optimization algorithm
(NI-GWO) model is established by using the nonlinear function to optimize the convergence
coefficient while designing the weight proportion according to different grey wolf adaptations.
Finally, a dedicated simulation environment for the route planning of multiple UAVs has been
developed, serving to confirm the efficacy of the algorithm and assess its resilience. Simulation
results demonstrate that the NI-GWO model surpasses traditional algorithms in tackling the
complexities of multi-UAV route planning and exhibits considerable robustness across various

combat scenarios and iterations.

(2) Addressing the challenge of air combat maneuver decision-making, this research formulates
a UAV air combat maneuver model leveraging the E-SAC algorithm to facilitate target tracking

and engagement. Firstly, it constructs a mathematical model for determining the missile attack
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zone, incorporating aspects of missile dynamics, guidance systems, and attack zone estimation.
Secondly, to mitigate the slow convergence and propensity for local optima in maneuver
decision-making, the SAC algorithm is refined with an Expert Actor, leading to the E-SAC
algorithm that enhances the exploratory efficiency. Finally, this study implements and validates
a tailored UAV air combat decision-making model for one-on-one engagements on the MaCA
platform. The simulations demonstrate that the E-SAC algorithm outperforms the conventional
SAC algorithm by significantly improving convergence speed and maneuver decision-making
efficiency, effectively addressing the challenges of sluggish convergence and susceptibility to

local optima.

(3) Aiming at enhancing UAV formation and cooperative air combat decision-making, this
paper explores a strategy model based on hierarchical reinforcement learning. This approach
facilitates the development of a multi-UAV formation cooperative air combat strategy. Initially,
a coordinated air combat meta-strategy model for UAV formations is developed, encompassing
elements such as radar operation, active jamming, active detection, formation transition, and
maneuver decision-making. This includes the encapsulation of the meta-strategy model for
streamlined strategy application. To address challenges in convergence difficulties in the
traditional Option-Critic model training within aerial combat tactical decision-making, an
improved full-process UAV air combat strategy model employing hierarchical reinforcement
learning is proposed. Moreover, a specific UAV four-to-four air combat strategy model is
executed using the MaCA platform, focusing on formation coordination in a four-to-four
scenario. The model's effectiveness is validated through simulation, illustrating that the
advanced hierarchical reinforcement learning model facilitates effective cooperative aerial
combat decisions. The model introduced not only surpasses the conventional Option-Critic
framework in achieving efficient convergence but also demonstrates superior capability in

effectively countering adversarial aircraft.

Key words: UAV formation; Tactical decision-making; Route planning; Maneuver decision-

making; Hierarchical reinforcement learning.
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SR R RBE LSRR ST SCBR[STIITR T — MR R IR BE 9 Ak 27 ST HOR 1) e A LI B 5 7 %
P g AR, I A€ SN 4% B S HLIR AR B A E I SR R R, BB AT
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WeSIOH B . SCHR[541HK FH 2 120 SRS LA IR BE s A 2 1 7%, BT B EiL 4R
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IR TR AT 25 390 ) B AR 3 A1
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WL SR G TR S 5, AT RR PRI S . S 2 SRR W], sk >I a] BLTE
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H IR 2 LR AR 2 oAb g, IR B0 2 TR SR 45 i A 3R S A 2 AL A

L BRI LLE H, H RN 22 6 AL OR P 55 1) B BiF 7 32 B R AR AR R e I ¢
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2.1 T AN FER

P TE ANEC RN, & SEPR AT RN B RN Z AR ZR, RN T — &K
A fai Ak R 15 AT 40 B 1881,

1) AN S ER B F A 2008, R B O e FE AR B BRI FE AR R, AT
{7 14 L BR A PR 5 AR 2 1 2 2

2) € BT FEAETC AL B AT = B EORFRIE S, 4 1 s FE AR A R I
THHREIRE,

3) MR E— A BT 2 A 53O B AE AR FE AR P IR AS R WA, fRife T
31 RGN R IR TH FET 52 5

4) 2B KR E IR FAXT AN CATIRES 52 me, AR 533 T AML
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A
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i, RARTNNEE S S5 08 FKT T Z B @AM, RIS ANES %
AR R R B EDKF I B S Y B2 MR A 7 IR A, T LARSREE ST AL
i e n M n, AR AN 53k 8, 1% 8 A 5T IC AL AT
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k% >] (Reinforcement Learning, RL) £ J; 7 KRB A A K&, W4 EAEZ 40
AT Z N, BFEEANPR TR GEHEFEEO-08, YRR LG Do-1061 Az g 245 107-1101 iy
gtz A B ghtia | plds NEORIIT B IORTE F AR BEIIS- 4S80 St . 7678 fie
eI, sk S B R LSS N 281 & AT DIARYE AN FH 2 R A RR oK, 1=y 2
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BB P IRES B R IR R, IZAE AR/ BUR 7R H AN RS 45+

MBI (Environment Model): 8 BE AR LA I3 555 R R T2 5 Ffr i R F4) i Bz
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Rl134140] R gt [141-144] R S0 mIT1AS-148] i 28 SRS 11491510 B RI0S2 154 H AR
OSS161 | @S 1021671 B iy 5 Ay [168-169]
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XA SE ) B R e T SR AT RS R o 8 Re A i A i 1 2 O SRS DL KA
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FERM S MRS . &l 2-3 P
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W

[ 2-3 TURAT R R R E

TE Ly R ) R e s h SR B e A IR A5 (State) 4T (Action) 52 T 3K 45 1 4 i
(Reward) FI#} % (Probability), " FHITd < S, 4, R, P,y > AT, SR BEAES X
L/

S (State Space) /s & e 1K T UL 42 5] () T 4 PR B4R A Bl , BIDRZS 2218, 3@ %
S={5,,8,, 5, | KFR, BREAERBFBRTATIBL A A — IR 5 20 B

A (Action Space) F /i B RE AR BEAT U3 AT I B HUT T A SIAE, ENBIfE2IA, @
A={a,a,a,) KkFom, EHEREARSERE.

R (Reward Function) R 7E HARES TR Gtk S8 B2 T k3 1 s b, B[l 4 R
¥, WEIE, AREARTAT ARSI SR, AR S RTAT R
. RIEPRESS T, MERAIEIITIE e, HFHEETHRE S — RS s, A8
X AT A TR AL R S Sl T LA A

R, =E[r,|S,=s.4=a,8,, =] (2-1)

Hr, RO MREBERARIRE sPATIME a 2 J5, SHENEIT —/MIRAS s 3R 2
1 ARR B RRARTER € t+1 BT ZIFTREAS B I SER 2205, fEXAMNE R R A, 20
PREI R TT B R T, A RREBERTE ¢ BEZIFTIEATINBIME; S, F1 S, o B RS Re Ak
TERERE ¢ 1 +] BEZIPPIRES o X — I FEARIL T Ao iR % ) 5 U sk L], @ P A [
APERIE, 48 FARKIAT ILHEE.
P (Transition Probability)f{3 | —AMREHB AT RENE, S8 BRARER € FIRAS s
HHAT R — R EIE a B, HARES S 7 — RS s mrgett, w=prs:
PL=P[S, =5|S =54 =a] (2-2)

Horp, B ACRERERLRES s RIENE @ ZJa e Rg 2 —IRZS " I BTt B i 2 )il
Hs S, B REARAEI 8] A3 2+ 1 ERAG IR 2205l ; A, 8 BEARAEIS (8] 53¢ BrRAT I Bh1E
S, N REARTE T 8] 2 ¢ AT AL RS o

VAT, HIEEN0 <y <1, £ /RAERRFGERES, Frdnf 7 474 LUk
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H2Em AR PSFA LA

PRALBR BN T WA, MATFTBE G 7 JEBR AR . 8 h T WIS AR e ek, [
B, TR, MR, BRI SRR IR, SRR, XS
B A PALE M ek I S TR I R, 7 = 0 FR HOGERGE IR, 7 =1 Rie
SV E B I

AN 2 BT — AN BIAE I RIS 2L, S J5h R BUORLIR A 8 SRR L R R AR
TEREE, TP AR U TR, TR RS BT LA A A e, fEr= O
%, WIREIRES so UAREE P(s,) BEATBENLIIGAAL, BHJS » & REPRARIE 4Dk & s, BT a, ,
PR R RER I ZAE, P2l , AR AR( s,.q,), [N, BREHE S0 %
P(s,a,) i I ZPRES 5. BRI 7, RS s, o 3% — XL FEAR W53
7.

(2) kIR AT R AL

76 MDP HEZE R, RAS Ede S 3R BUS ZE AT BN E 25 10 R — A5 R 2
R T YR AR, (X TR 2 SRR 4 SR, X R ETAL T REAS A2 DL
e AMEM g, R 51N T 5 /R 0] K 4 3l F2 (Semi-Markov Decision Process,
SMDP){Ey MDP ffj—AM" . 75 SMDP HEZEr, s ;54N P2 1 ] 2 o A1) 1 Bl ey 90,
T AT LA T 4 Z BRI TR A, 3K R 70 W VRS (T TR S 2 18, W LA AR R i
B 3, 30 S U S S I 1 4 SR 7 D) R P I SR L R RS X B ] 2-4 R

1]
—_—

M;/\\y/’ﬁ\\‘///k\*\‘
SMDP

P 2-4 MDP 5 SMDP R4 E %
A LLAE H SMDP & MDP f)—fB4bit#2, SMDP Z¥bnite MDP i PIRAS s $iAT3)
1F @ BIFOIRZS s Rt o ] 5 B ir B 1) 25 K AR 9 T AR )5, BB A K N
MDP [{IHE R E RS B 5 P (s, a,8") RITEEALI) R(s,a, ") AT LU B9 fEE] SMDP H1, Jy
P(s Nl s,a)F1R(s, Nl s,a), 48 VRS2, B tERISENS 7 F RS M B E V™ (s) W
DLSE ST S 7 TEARTS s RSB (K22 AN A SR TSI R i b sa A, B
V™(s) = R(s,7(s))+ ZNP(S',NI 5,7(5)) 7"V (s') (2-3)

Hor, Ris, a(s)) Rothas s TARAT 60K 7 () J5 0T H I 20, 122050 15 6 A o
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P APk L R BV G

SMDP {13 F AR A A5 JHE R A B 40 A At R T L6 2 R A0 3R 230 87 B K AT K e o i AR
TH N, 7555 HE 23 5P SR 1520 AT e AN 2 ST R I, T 2 [l 5 B T () 4R i e B
I 5N BHE (RS2 [0 S % B TR, SMDP $ (it 1 — /N Sy 2t R i 7 14 5
FOREZE, FH T3 A A Ee R Iy PR 5 1) o AR ST T J2 SR T 2 D 7T
F I BAR AT B 51 25
222 ETFMMENES]

TEANMAE 2 2] vl s 5 S S E B 2R 2 Q, (s, a) Rt RN ENM A sk %5 Qu(s, a) 171,

5 LU, N M ¢ B ZITF G v 55 00 i A 2 SR H A, B

U=, (2-4)
EMEINME R EUE -
sz(sz’at):El:Uz| St:St’ :at:l (2'5)
AT WA E R BUE LR
O.(s,.a,)=max, O, (s,.a,) (2-6)
%ﬁﬂ@ﬁﬁ@ﬁﬁ%ﬁ%ﬁﬁ%?%ﬁ%%ﬁ@,W:
7 =argmaxQ, (s,4,) (2-7)

@ﬁ?’ﬂ%ﬁﬁ’lﬁ#&st—Fﬁﬁﬁﬁﬁﬁfﬁ%iﬂfgﬂﬁj\ Wt A E A E AR S 2, W]
DA 2 S A s IR 72,
— WS, 1H R BT S HrsE L B 8] 2 43 7778 (Temporal Difference, TD) 23

Q(St’at) :E&H—Y(s,,a,) I:R +]/-rmXA€AQ(S;+1,A) | S, =54 :at:l (2-8)
$ 202-8)i i ZEFF R T IE AT I AL BE, WS
Q.(sa)=r,+y-max,_, O.(s,..a) (2-9)
I A L g (s,,a,;0) KBIEFASHVENE R E, TD IRE I RIERA:
S5, =q(s.a:0)—(r,+y-max_, q(s..a0)) (2-10)
Hrr, O FIRMEMZE I ZH. B BARRECH TD wZERIITA:
J () = %5,2 (2-11)

BG4 B TR B S 0 o 2 I 25 110 28 g (5,5 6) BEAT S35

223 HTRIEHES]
ANFEFMAEF T, RIS H b2 B AR A R T, DASRAS S AR SR pR Bl el L
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H2Em AR PSFA LA

STAL, 5] 308 3o SR TR 4%, SR P SRR B B 5 0 BB TR TR0 73, b T A R (2-5) HBIR S N
BRHOA
VA(S)=E, 1, O(5.4) ] (2-12)
Hefr, ofREFERMKKIZE, V, (s,) 6 480RE s, RGs, V, (s,) ek, &
A BRI U, Bk, TS0 7 AR, 240 0 S HAR, BETT V, (s, ) S 1R 08 K
PRI, SRR UME 6 25 V() 30T 22 i SO AR H A ok 5L

J(@)=Eg[V,(S)] (2-13)
T, S 2 ST80 bt R s
max,.J(e) (2-14)
SRR B BT LS A
oJ olnz(Al S;
a(ac)o) = ES |:EA7[(< S:w) {%@ . Q;z (S9 A)j|:| (2-15)

B, RHIRREE b vk 5 B R I 45 1 S 40
2.2.4 Actor-Critic B
“VH - K ” JiE (Actor-Critic, AC) DTSR R 1 P Rl 28 I 28 ———Fh 41 5 B E
Al (Actor) F15A —Fh A ST PR SR B (Critic) o 15 VI8 i A T 25035 1% 5 AN X 4% 1)
PERE, DI SR R S TR P AL 2 SRR Z TR AR 2 S i R R R T 2-5 BT

Ziffa

R | | DERE |
(Actory [ /Mg (Critic) Rlpr—

2-5 Actor-Critic BiERE AR
(1) A X 25 B 8T
I E 2% T T I R R F £ T SARSA Sk NURZ e, BpRRE WX (2-16).
0,(8.4)=Eg , [R+7-0.(S.:A4,) S, =s,.4,=at] (2-16)
FERFIAL S 2, PSR TR IS E N A g (s,,a,50) , TIAERS 1] e +1, SLINE] 0 SEpri
HES S~ Qs BEE R B EI S ENE N 9(S,0, @3 0) o EILIXEEIIME, FATAT
LA H TD %
6, =q(5,a:0)~ (1, +7-4(5,,1,4,,36)) (2-17)
DRI, e SCIT A E ) 2 1) H bR B8 37 s 2 s (2-18) B, Sl Ik 6 B T B 8 )
%4, WX(Q2-19) K.
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um=%$ (2-18)
O«0-a-6,-V q(s,.a,;6) (2-19)

Horh, o R#E,

(2) M 124 EE 7

e 2 7 al ;) (TR SE T SEMGBBIE o, K- 15) 0. TELS T I A 1
SR AR RS 5, RIEHEENIE @, HERF O (8 B4 (TP 5 T g . 20) 1Ay
R2-15) O.(S, A) Hofhiih, MBI SFMBe I FOAE ik, WR(2-20). SIS R4 250
R ARRRRE T, Rkt QR-21).

g(s.a;0)=V,In7(q| 5;0)-q(s.q;:0) (2-20)
oo+ f-g(s,,a;0) (2-21)
Horfr, B AR SRS W28 1) 5 2] 3R

225 HEBILES]

oy R E 3], VRN SRS S I — AN E BT, B E SHEE R B A AR
B FERB D O TR R R o SR, TEAR GRS ST, — AN SR 1 1) R 4 ¢ K (1)
IR, RIS RGRSHEE MRS, RlAnSEEE b RO m, 80T
SRR B2 R R S VH FE

R IX—HRER, o R s ) SRS R Y, B R R — AN 2R 1 e AR 4
NENTE GG T I8, BARSRE AP — @ —DNERNESTRIAZ
ANERR AR, I A EATEAT R R AEM R AT R R b, K15 20
FWEAE IR — T 1] RS Sl 2% 2] () — 45

O3 R RN ) R OB A TR Tl I 1A T B 5 A SR X SR RN B R S i 2 R, B
K REfE F AR 51 RS2 R R . X — U L7 S R B ALRE =R TR,
TorE RN DL TS o NIRRT =287V AT R 22 1/ 4

(1) TR 4y 2 Ak 5 5

M TRUTSIHE SR 2 9 Ak 2% 2] b — Rl T3 JZ USR5, B =AM AR e R A 7T
MM <17, B>, kb, ISSERETRHIIIREE G 7:5x 4> [0,1] FIRHRE,
B — MR a2 RS 2 A S a0 E 2 (] MR FE ek B B2 S > [0, @ 2 k2644, FHT-1ff e 1]
I A5 AT 2 AT T

FEEE TR % S R, BRI N — VLIRS TG, G IHPAT — M. R
Yo% IE U SREmE 70, B BRI B PAT BB e i) 7 — Nk I, X — i R R AT,
LR T AR S AEREARGS s B BRI TT DL R IR T B 4 O(s) Foro

IEIAESE HH 1) Q-learning BE BT A U #R AL 2% 2] (W CBELH R 73, B W BT e ik 2% 3]
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H2Em AR PSFA LA

FEZR B RGS N IR R LI T AN R SRms , LA KA TR i) o 1205 FE 5 8 1 4IRS
BB E BRI 25 RS DAL e AR 28 ), @ AR Q 18, B WiE i s it
g . FET IR Q-learning B 5 FE N s :

0(s,0) « QO(s,0)+ [r + 7" maxo,eov, Q(s',or) Q(s,o)} (2-22)

(2) T 77 |2 R A g 1) 5 2]

BN E %ML (Hierarchical Abstract Machines, HAMs) U701 2% 3] 55 0%, AJ
PUNTREE 5t T RIS I BR At —Fh 5 ML HESE . HAMS #%E T — R 41 B2 i 2L
K£e b, WlEH, KPS nRACHER —PDMSLE HAM #5841, X E8seik i =4
KR BRI AL . RS Z A 3 4508 55 DL RVIGEIRS I E

HARKGL, £ HAM M2, RESMRTUE S ERSEiE: RS RV R g m
Ji— HAM #HATACH; GERREHEHE 7 — s A, AR E bk £ — 247380,
RS PRESLE 4T HAM B45 0. %71 HAM Q-learning ¥ 5 F2, ©¥ & 7144 Q-
learning 57322, LLi&EMN HAMs 1454 . HAM Q-learning (1) 5 5 J5 2t 20 m :

Q([sc,mc] ,a) <—Q([Sc,mc] ,a) +0[|:I/; + 4V ((¢t,n)) —Q([sc,mc] ,a)} (2-23)

XM, QH Q(s,m],a) F & THEDRA s ARG m , DUKIEESEm
PRI BNAE @ o Thn e TR RE S A, Xt 7550 2 ek B b i — AN TRk

(3) T FAES M52

T AL kst MAXQ(MAXQ value function decomposition)/i{E B4 %1
I ERSEIL, & H Dietterich!!771E 2000 4 5] N — MR . X P I7E R OAE TR A
LA RRFEFRE CMD NG TN BOEHP RS, LAy il 784k
FOLRE B o o I PSR R — RS, SRR R DR AR 1 SN R IR I R R

TEHT ARSI SIS, B TR 554 8 SO HRe 8 I IR T sh iR
] 4. FAESZSPFELEB RS, MNAEMVIIREH K, BIESEPIT— RVIGME, IK3)
RGURES R, HRRRITUE LIRS . XPITEAA B T B 555 1A 1 o0 &
MZIREE, WATAT in) 8 e A2 IR AL, RS T4 55 1 LD A R AT DL fig ke B
RIE r] EAR T 5

2.3 RENGE

A ZEEAG T T NM UGN )R B 2 R e S AR SR . B, NT
TENMURBCEERERL, SRR, R T 3B ST SR A SR IR, 045 T SR AT R s A T
IRTT R HETRE . 3 T 2% ST FIIE T 550K 22 ST I 7 VE A Actor-Critic 77 )5, A
PRUT T 4 RS2 S SIVR A O JEAR, A I 4 T e VR N FE B T IR S B R A
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3 E ET U IOREERTE AR RIS A

% 3 F BT ZIRE AN T AN EIALE A X AREY

TG A AG AL LR AT AR 5 BT At 509 045 3 3], AN AR AT 8K
e R, T AR TSR R AT G AT KRR R o A AR SRR A AT RIS TR,
R T LR KZ B X AITET RAMGBIASEAR GG Tk, AR, ANBT % LAM
FIBARI B AR . Hok, AR FHTRE, /i T NI-GWO ik, ®#, @ikt
— R P\ AR R B % ok 09 A Rt

3.1 [BIER 5 #f

TEPAT B BN R AT, AN AL AL S KO AT BRI . e
Fef, BTN AGITROT H P X 3 E AT TR AR 2 H A, X — RAT R
BT, REA TR R FIRRE T, HEE R A g, 83196 AMLGH A

JRINFNIEAESS A AR IR e e AHLE BT AL To AHLIE AR dl X 38T 1 5 68—

R TE ML BT K i L, A SO e AR 32E A AR il DX 38 i 75 2 38E (1 507 B
o DX A KA Ml DR T B DX, K5 e AL BA A2 6 s 1) H A s AR LI D
RAEE R o A B R H St R AR A SRVE S T 22 0 AL B [ AR B AT 55
AE BTN EWE 3-1 Prs.

B IR s
S A B v R%R
\ww%wﬁﬁWMﬁ@ﬁ\ RRAENIE T
;i i B
FRARAL o
I
RS I | —
RV A
R B B
Byl ZH
B2 i@ e R 5 5 T
Bkl pr G Bt 2 B
12 %& P
5 1 b o7

B 3-1 3T St ARSI A TE AL W [T 3 B S A5 78 Py 2 A 1]

3.2 ZHLhEIR B R A= EY

WV ={V,i=12 N} RHITESNE TANES, T={T,i=12,---N,} HETLA
DL TCHER HARHI RS, M ={M . j=12, N, } FRHHURMES, E5X E %
29 NAT N AU L3R . X 20200 AT 3, WA 5 B2 55 0 B 42 2 1R 2 AN 28
RO B, S T P T R R A A, AT DA RIS AL LR 6 AT

23
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B A% e ANV, sk RATEE B R L) ks A 60, TE MR B
(v v | USRS, MU S G, AT BRI SR
P (k=12 n=1), HULLANY, 0 ATHOETT LA s, 5P o p 5 G KFoR,
T(q) RENIRIF LR KA, 9 FFNIT LI RS H

321 T AL R BRI LIRS

T AL R LS MR 0 2405 2% P 52 4 ALY S0 46 1 20RO IR A6 BA
BEBS A AT AL %

(1) FE AU B R 5 1] 240 e

73 ] 7 24 B S 240 SR8, 2 4 M LI PO B S A T M
/N2 AT, B

d._>d, (3-1)

Rt d FR TR AT AW 54 T6 AL 512 1] (8 B B
d, F 5% T L2 RN A CATIE R -

(2) FE MWL BE R 1] 1240 o

HRARSCHRC1 79 1R 80], B[] D 20 sk s SCRISR AR B B 0 S0 A, 3
ST SBL ST 0  F MR R P T B e PR, S T A LB bR AR T T
SERFIEL, JFHHEUE 1A 2 S RO A O, B ek ek A 1) 2 ke B B R
KB

A5 T AHLEIIA B AR 2500 T I 105 92, R PR BT 6 4 (28 A WLBE PR
I - 0 D — BOPE s T T AHL A R SR R AT BR AR R, T DA S B A 52

$i% B om0 ] T
;oL L
min’ Vmaxi > max’ Vn. i (3_2)
e, v 5V SN TS AU R AT R R MIUAT R s LA

T WL AT JEE

il St BTS2 NHLREFEIR R E I 18] 58 AR 555 5 MIASBE 58 AT
%o
3.2.2 B AHLATEE P iR 2

Te NHURIRTIZE B b KO H AR L PP AG (bR e, B 1 IORE AR E A
(811831, B 28 e AHLAIIZE A w] DL DA T 2 BT T 5

T=Y(wfo (1) +mfr) (3-3)
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3 E ET U IOREERTE AR RIS A

Horpr, [RIRH T BOENBUEKEE,  fo R REERE A B, fr, F5R i B
o R RS Fle A, HG S I R T U X B A B s vy A ows AR LA R B o+ =1

3.2.3 Z T AHLALI RIARIZE VR4 BR 3

Z WL R VO o8 K T B TC AHLPP O bsifE, 32D RS T 2T AWLAERT 8] 1S
(8] BRI ELI PR o AR SO U B s IO I (8] A A 22 (B A B o 22 0 KL B [REIE ) P A
PR B 3 n R AT E X

J= Z(Wlfm‘ + WZf;"fi + WSfmfi + W4fc7,') (3-4)

Hrp, mAZTNES ISR [ fros foa B S 8 i TN
BHEFERAS . RS RA S AR RA AR A w oy RSN A B 2 3, Herp
wwy+wy+w, =1, Gl 3.2.1 I AHLIIIS RN RI 295 70, 22 TE AL B R] F P
JEA R 7R N 7R -

f — {O 2 ZLmin"gtcgtmaxi

|ti _tc| > tmini > tC - tmaxi < tc (3-5)

Horp, LONER AN TENNLENE Hbs I 1E]

FEUF S 2 AN R A, DT AL B, B 25 R e 1% I AHLEERE M
FO R [ B e 5 56 T i =1 Z& TS AL AT B o 35 A SR T8 A AL TA] FA) B AR T T 1 e /N %2
S RATIANRE, AR — Rk A o Sl AT B A W O Rl SRR R AT 800, 75
SRR B T B TR IR

1 ,d_, <d,
L= (3-6)

|0, d_>d,
Hrr, J<i-1, 88 iNZ RN EETi-1HE.
3.3 BT AR EIE 2 T AN A A RIRE

3.3.1 IR E A

IRIRAAL B32:(Grey Wolf Optimizer, GWO) & FEAZ R A g b i) — AN B 5,
FoRIBRIE T BRI A = IG5 S ERARTIAEAT o 2R SE T IRy il B S A
PRAFAE H 75 R K 0] R ) e A T 58 o FEBERSEI T, BN TR N BRI SR A
B PR 7 ORAE O REREAR S B SR LI SE I L e, DA e RO H bR Il 3-2 s

A
[\
L

Bl 3-2 IRRAPIE SR
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FEIRAR AL 2> G5 AR T2 A7 T 8 (14 B iy U ML V) /2 Alpha R, ZRFHE R 2 %
PP SRR S AT . KBEEL R (055 —J00 /& Beta IR, VEJIRAE A (1 8 45
oty HEEI TR HB) Alpha IRAEAT RAMFR], BB ISP HEA S —. B=

JZF)72 Omega MR, EIRHAIIRAG, (ERT-ZEPARHE N EEAIE O RIS 2 R HE IR
Mo BEXRBRATIET, XEA BEERA S TR KAEMSE =AM, 1% M
Omega JRJE/R T Wl o] HARHEATIR R . ENAHIE RS, IREPRRFLL X L Alpha.,
Beta. Delta 1 Omega RA7 B, H I SCl il HFr.

FERABE AT R A AR, ZiEBh 7 AV AP IR G s Bk DU S
AT NI TEE IS E 8, i, 7f Alpha, Beta, Delta JRIX =7 4152 [
3T, HAMREERN G2 PUX s PR EAS RS, AREE O E. X—%
WA IR B BRI B DA/ NS MBI PE B, E B A S0t ie . % & SR 00 g
FEUE 3-3 fiss

HEHBL
s
: I SRAE YUK
5 a4 RO »
ROomER g REERR
i
il

Kl 3-3 JRBFH SR
(1) BHl
BT RAER, KRB T —M P EAEARIT A, REEE ST EE S .
NT e EHASEAU AR A AT A, A AT AR IR N PR
D=|C-X (i) X() (3-7)
X(i+)=X,(t)-A4-D (3-8)
Hop, PRFLHTHGERUE, X, WRBSE YA B R, ¥ ORI E
M. A CN R R, HEATE T
A=2a-F—a (3-9)
C=2-7 (3-10)
FEZIEAIERE S, URSKR T a M 2 TFIRIZHIR 2 0, REU M7, 1y
F w23 R TE[0, 1)K 8] AR B AL L. 53T S 8 a 7 RN T -
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. z
a=2 l(lj (3-11)

Hrp, AREHHNENRREL 1 REAEE.

FEHRE T, 4 B R EMZ A BAREAEA B 3-4 Jrs. IR AT DIARYE
S RLE X ) TR SORBEAE . BT BENLA A, R DASIA I 3-4 FR
F RPN E . L, R ] DU 7R (3-7) M (3-8) AE A& A Bl DX 3 R AR AT 57
BB MR A B

Kl 3-4 47 B n) A AR I AR SR A B

(2) 755

FERF AP e AL IFI8 B LGV AOR EIL 7 SR RE /), 88X —A47 9 A iR A
F& Alpha JRKHEHE. IR, FEFELEHELLT, FPAG IS AL A] fE V& /£ Beta BY Delta JR
& b EERFE RIS, SR BN BT R AR N T HE S
IRARIIFFAE SFEms, AHEAYUE 2 Alpha. Beta F1 Delta JRHHG AN 5 £ (1015 B2 T35 m]
REM TR, B o IX PR 150 0 VR A5 28 B D iy b A 22 AR ] 70 AN Aff o PR A 55 v it A
ML RNASTIEAT N Bk, SR2MHAT =R RGR . rg A R
Refk, 45 Omega I}, #BH AR/ mEHHEA . EREF, HOREIER AW T PR:

D =\62-)? —)?\ (3-12)

%-%,-4-(,)
X,=X,-4,-(D,) (3-13)
X, =5(5—213-(D§

Ry =Tk, (3-14)



PEAL Tk R 2 27 18 3

TEZYEi g s m) T, B Rt R B Re AR A7 B SR AL 52 2] Alpha. Beta Al Delta Ji
frER BB, WE 3-5 frx. XM SIRME 7 ISV REN &, 1 HARIR N AR 4
XSS E S E, @R R R O E . Bk, BRI A AL
B BENLILFE, %t FELL Alpha. Beta Fll Delta JR A S B AL B NIRRT H . XK
5, REBWIHIIALE RO SR E, (H AR AR I Bl A B AR A7 B 535 W 2B R
ALY, AT T AARA A ) 1R B 28 T B AN TG NPT N

Bl 3-5 BORGEE P AL B ST

(3) Buikr

IRAR R T 7 45 RS I AL AERE M LR BN o 9 7 AR B A AR rh B X —
TN, XREY) ST P SRR AT T R, @i RS E e PESSI . XA T EEA 8D
TR ARSI EIL K, FRWBYEN T 280 4 P ahTE . XA AR T
IRARAE S A B By B/ D RS SR 2, 5 s B ARG 2 1K 1 SRAT Dy, DT B8 IR i i 4k 972
BRI BBr B I R 5 O o B, B8 a AR AR AR A 2 [ 5 0, 3 HL7E [ 24,24]
Ve B N AL R o 24 AR BE L VA 2 [ L] X 1] YIS, IR0 B R Sl i B R 46788 2 M2
BT AT TE b ZE A BT LE A 2 ) BT VS TE AL B B 0o 2k 3| A < 1B, JRBEILT A S L B
KB, W 3-6 fis.

TETRBMACTEIFAEZE T, KIRARHESISL#E Alpha. Beta f Delta R EME R, R
EHLAEE  CALE DUA U A . R, BATTRT DOR] @ s SR 5 [l S5 40 Je T ik
Blo ABTER X EeH AR B AR, IORIAL BIEAT AT 25 2 T B B N 2153 350 e A 1) 1r)
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3 E BT SO IOREERTE AR RIS AR

K 3-6 AR ZREY

4 B3
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S5 AR ) TBPNN FUARAE, AIAZAR AL AN C AN B AR SERPIRSE B, Ha
HH T P e M X9, (RIS AN o 2 P 286 25 3 DL ey T R R I A R . P ARAL
R NP . A BRI A T B R
a) PRl > B
AR A 3 B A RN N ESR A BP #48 X 2% 1 R B AN AU TE fift 55 6 AL
oy DR B D5 T Y 70
B, FAN—HME WA EFBETE BP &M% h TR e RE,
PR X 2% () 0 5 SEBR I H AR B BB IEAT EUER, THERZE , FE TR E e AL 03
RN, TRAGEO R, B2 X 2 SO R I B s SR, R RN RCE R
BE PPl e 5, DB T e 2 AR E . ORISR 4-2 s,
R 42 VA BUEH AR

B VAL 42
Function score = evaluateScore(configuration, y, o, k)
ErrorSum = 0;
For i = 1:length(y)
ErrorSum = errorSum + abs(y(7) - o(7));
End For
score = k/ (1 +errorSum); % i=ZHR/N, PG EUE S
Return score

A el
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b) AL LAEIF LR
LA A B B S B A o B IR AR MSUE R, Wit Rad R

I EAR R R ECE S 5L KT 5eis A HOu RS iR 4-3 fos.

R 43 AL TS AR

gL fUi EEIA

1. AN MESHI. ESH MEARLD

2: Hit: BiRESH

3:  For BS54 = 1:length do:

4 A AR 7

5: Ifr<0.5

6: PREZH = A S (1-b) HLE S ™ b,

7 HICEZ =L E S40* (1-b) +ELE S5 i* b

8 End If

9:  End For

10: Returen FHACE S i, HiLE S

11: fFN: FCE S8, MariERIREL iteration, i KIEIKEL max iterations, H/MH a min Fl
B KME a max

12: fith: S suE e E S

13: For BANZ% = 1:length do:

14 ARBENE rf g

15: Ifr<0.5

16: P E S i =HlcE S8 i+ Gl 8 240 i- a_min) * f* (1 - iteration/max_iterations)"2;

17: Else

18: P E S i = E S8 i+ (a_max -HTECE S800) * f* (1 - iteration/max_iterations)"2;

19: End If

20: End For

21: For &AL do:

22: For i = 1:length(selected configurations)/2

23: MCEZH i = POEFNEE S (*2-1);

24: BLE 240 j = PAFME S5 (7*2);

25: b=rand(); % HTEHEAMFENE b

26: If rand() < real crossover rate

27: G B S8 i, Hilid B S8 /] = performRealCrossover(GHiic & 41 i, & =%, b);

28: HEHACE = [EHESH, FRESH I, FRESH ],

29: End If

30: End For

31: End For

32: Forj= l:length(new_generation)

33: WEREZH= HHILES ),

34:  Ifrand() <real mutation rate

35: Filc B 2 %1= performRealMutation(Hific & 44, iteration, max_iterations, a_min, a_max);

36: HHES = B ESH

37: End If

38: End For
Q) T EERE 0

A FFEBOE T AFRIAIIRSE, RS ENARI T B S i Bl X o, 12
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PEAL Tk R 2 27 18 3

PisEES, AL ATMERE ﬁiﬁ)\ﬁarﬁﬁ’aﬂﬂwﬁl?ﬂ[ﬁ’ 360°], FHLANH bR AT
e 5 B AR A TG DA 2000m 1) 4000m , FALA H AR $AT 3 AR T Y 100m / s ] 450m /s
SILAERRT 232400 LB E N YIZR4E

W B BP M2 M I 2R SRR 800 Yk, £ 3T#F A 0.01, I fEHiRZEA
KT 0.0001, YHIESHIEN =10, R KEREG,,, <30, HAMEFEMLCEME 7 75H
0.8 f110.2, FET 4.2.4 TR BTG .

PAss R Bt XA, AR RS (IRTG6 264 . MWL RATHEE v, =150m /s | ®AT
& h, =2000m , HFRERE Y, =200m /s S8 =2000m i, PFEIELLG H IS5 S
X ik 4-8(a)ffizw, TBPNN SRk iHE Xl XA f 1A 0.18 70, H 5344
RIS R IR Z A& 4-8(b) .

90 100000 P

120 60 PR ST IZ
80000
60000 ‘
150 40000 % =
/ 20000 57
180 " 0 &
\ { Nz
\\ pi$
\ /
210 330
240 300 0 0 5‘0 1(‘)0 1‘50 250 25‘0 3(‘)0 3‘50 400
270 BRI A ()
(a) TBPNN L& Z iz X 477 Hoxf LI (1) (b) AFEFEE TR ZE#Z(1)

Pl 4-8 TBPNN 1/ H.45 L (1)
LN RATHE v, =300m /s, KAT = A, =4000m , HARHEEL Y, =250m/s | =R
h, =3500m i, PAPAREINA SR B X WK 4-9(a) 7, TBPNN Bkt 8 H 12
XS T FRINEN 0.23 7, H5E &0 3EN SRR Z 5 m i 4-9(b) .

£t H
90 RS RER A-EPLE E X
0 10000060 SRS o mememEnEE
80000
4 {i
60000
150 30
T 40000 2
N Z3 \
20000 ) 1 .
\ B * \
f \ AR 7/ Zﬁ i
180 | 0 Gt \ / \‘ ?«
\ :
\ N
b
210 -~.-,.‘,,,,,// 330 &g{ i w Xé
0
240 300

L
0 50 100 150 200 250 300 350 400

270 HARsENS (B

(a) TBPNN L& Yoili X 45 B 5 HEIEI(2) (b) AN A FEIEINA R 2 #h2k(2)
K| 4-9 TBPNN 1 H.45 5 E(2)
iR &5 R 3R, TBPNN #1424 T M, R ZE T 7 LLTE 2% A, HER
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FESZE =T BP Mm%, (EMERIETTTH, RALE R BP 2 0 28 [ i S TR I T
0.3 F, KBTI TiHEACEE. Fitk, FIH TBPNN RIGHE X, Aeisa 2ot 2 Ak
To NG BATE 2% Hbip [RIAE R R AR e S5 Hh ot Sz i A AR A P R 75 5K

4.3 BTt SAC BIEME AN SRR K A

4.3.1 K7&= 8]

Te NHUHLS) P SRS PR AS 2 18] F T30 23 o R 1R A 1 00 215 L 70T AT B
#AT LR TE ANCRS KA, TANIRS B S MERER =[x v] HEV AP
FEXT 7067 F 4 FNFE S d FAEXHE B A T Ge— R AN A8 2 30 BBl 4 1y R 28 257 2] (R R0,
FARE L EHBA— R [0,1] . REZE M E LA 6 TTAHS =[x, 3.v.0.d,9] . Bfk
THEHREEME 4-10 P,

A

Y
H 7 V.
V. r(g”f
¢r}1 /,’//// (xt’yt)
TAHL 4N\
D
(xm7ym)
o X

B 4-10 FEAHE

4.3.2 sh{E=SIg)

MM ECEEAR AT UG, R R DK de N e SO T8 BE dv R A
WA do, BeBAE e ANHLE 48 2B [0 PATIELL VLB EME, Htk, 7] DI e 23 )
A =[dv,do],

4.3.3 R

ez b o, T AU A WA 520 58 BT S BB, BUREROT TEANLEE 5
B T (X B, RSk XU FE OXY AL AR B R R, ¥ LI T R R A
V,=(vv,) « RERENL,=(x,.,). BHGEERENY, =(v,.v,)  AEXE
AL, =(x,,) . SRR AL E B D=L, -L &%, X d =|D|,. V, fiD2
) ) A4 B AR I (A 4, B bl B e S 7 T R B A R g, o TE AL s 7
K 4-11 iR,
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—_
=
3
<
3
~
\

Kl 4-11 T AN Hos =&

HLED PRSI BRI T ALLE S SR b ATHLED, ST T AL N S T [ 0
T RN BON, FHLRZ R B FN AT, S I B 6 B M. BiR
ST LR rh g s o 00 i E 35

1n,=—q/180 (4-15)

sih, g=arccos((DxV,) /(DI [V, ,)) . 77, ABLAEZS o3 efo ity 35
K

BRES TR bkt A BB R . SRR L X, R AR

B KB BERS D, RN IEE Dy, J5TEANERS P R EE AL 0E A
d

=— +0 -
-1, if d<D_
5={ 4 e (4-17)
0, else

SEE A LR AEE B AR, o AHUAEZS th i = b B A AT Ad R EoE SO
n=n,+mp (4-18)
ARSI T TE AMUAE 25 AR B4l sk B 7 vk 7 3k, LAJS AHUAERT T &
BLE R AL B AN RE ST LA, 388 i 32 282 (1) 7 s AUl T AW LOR FFEde F H AR Hi T o
XN T B BARFH TG OL T, 2 Jah ek B 2 $ 5 R IR U, 5ih o AHL4R 2k
ATRRAC A BTRINLEN RS o RIS, il e A Db B AR RS, 4T AHLER TR, 2>t
FHREAETT o 22000 pR U AR BEAARTE M BT S SR IB L AT S SER V-AY, BT AL
FEZZ MR P RSP AS B BT, RO — NS R AL, [FIRE, IR S AR
A FRCRARF I, &3R5 B R BB LR B R RIS o B G NI TTHL A,
S X LB R RN T
" :{(3;, g;ﬁqmax B D, <|d|< Dy 4.19)
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BB MU B 12 5 25 7 15371 2 b -

[ mnmman w20)
"o, BRI )
PSS 47ipSE
r= 77+77a[ +rm,b (4'21)

FHorp, MO ANHUE 22 i A A0 5 P A R A K (4-18)
RIS 250 A 3 5 T EEBUE B AR IR s A 1, o BRBEA B SR AL T 1 Ml
DX RIS TR 8, 2470 2 T RE(4-22)1, AR
D, <|d|< D,
9 < Qo (4-22)
1 ty >t

43.4 E-SAC 3%

SAC 1% (Soft Actor-Critic, SAC)!"41& 2 37 7F Actor-Critic 4484 1 — M RT ¥ 581k
2171 “Actor” FBTIRYE T IR BRIR AL BB “Critic” f STV TEL TIRES TR
BUREE SR UFIR, IXFh SRR (G A B R0 [ I 2% =) e AR SRmE (HI R R E /) AT
il X EE S I RCR CRIX SE SR I 8CR aif).

SAC BVEAE N — PR BESRA 2 2] 5%, TEAC B BB A 2 1A) A ey 4 IR 5 7% 8] ) 7] Rt
TR A, EWAFE SRR, WlGIRSCEE R S g, AT
fR YK L ] R, ACSCHRE T — R SAC Bk, FROA E-SAC(Expert-Soft Actor-Critic)
H%. E-SAC Hykilid 5] N Expert Actor KIS GEAR IR R A, Iz )it

E-SAC B2 AT DO 2 i (0 6 AL B NS o AR AT M 2t o "B e — ANl A7 SR
%% 7, A soft-Q [ O, A1 O, LAKIA H AR soft-Q k%% O, Fi1 Q) ik fi-iFit 5
K, Hhe, @, @, @M@ 8RR NN IKISE.

76 B-SAC ik, 5ms m, (s, ) EAEKE 52 194045, S8 % 1 B L b 508 % 0 09
H (7o (1 5,)) BEATAPAN D9 T VAT S8 S TR R A MG SR R IR AL, SRR A T
IR A . BRI R AR R e ST

J(x) = z Eur [r(sia)vati (z(1 5,))] (4-23)

Hoh, o R IE NG R, o BRI L], Pl skng BapLYE, »(s.q,) JIR
s, FAE a, 2 E .

BNAE S W 2% 70 AR 7S AR . WA T PARAEIEZS oA R . (R, BhE g, 94
RS R0 7 R (4-24) E(4-25) TR o
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1o =m(s,) (4-24)
a, =tanh(u+7*exp(o)) (4-25)

Hrr, sFo 53R TS W 25 7, fay B S AR 1~ S E AAR 22 .
Soft-Q MIZL I N AR s, « BfEa, . IR NT, HHE O - Soft-Q HEUE X
LI

t=1

= r(SMat)—i_}/E(sM,am) X|:Qsoft (St+1’at+1 ) —alog(ﬂ(at+1| St+l)):|

GBIV T S I () A % S W B R R TG Expert Actor SEREFREE,  LAFKER
Expert 23 FEAS o 7E FEANEREE T, T KUK 4 ATIRZS 1 1 Expert Actor fif i % 3,
PRI ATE) @, , TR AT ZAT SIERBCL I 7, LU R BTG RS 5, > Bt R
BB RIS 7R A e T A I AR, PSRRI Expert LIRREA
(5,.7;,5,11,,) 47T Bxpert L3 AT AL BEHLIHEURE A3 SRS T Soft-Q M
AT I R
M P 2 AR AR R SR K S, (0) HEAT TN, 0aR(d-27) s
J.0)=E, , _, [logz,(als)-0,(s.q,)] (4-27)

Sotf-Q W& AR B B %L S, (@) HEATHH G, Wnal(4-28) T :

|
JQ (q)l) = E(s[,a,,SM)'vR,U,H'V”g |:5Q¢;‘ (Staat)_(r(staat)

O (st,at) = E(s,,a,) {iytr(st,at)Jrai}/H(ﬂ(J st))}

(4-26)

i (4-28)
+7(Q;o' (St+l’at+l)_alog7z6(at+l| SM))) :|

H, Q(p' (Smaam) = min(Q(p{ (St+l’at+l )’Q(pé (Sm’am )) °
RN G SR o, BEfAT:
J(a)= E[—a log 7, (atl 7, ) - aHo] (4-29)

Horr, H /2 Hbrk

E-SAC FEAE N SR S8 i K — 5 L A7 1) Expert Actor 38 FE AR & B HIE &5
BRI, F5 TREARZHEE, AT E R AT 2R R. T
DL G AR R REAR 5 W RS R P T REPZE AR, Expert Actor £ 50 A 53l
ARHE SAC FIERZ RS HIFEA Z AR Ll 23 AR % . @i XM, E-SAC Hik
AT BB HNRBEIRR, RN IR T2kt . E-SAC SIERIS5 &l 4-12 Fror.

64



Fam TR T AR LS A

Y 78
= <5858,5058 > R e T e e e iy A e e il
a1 Ei' l | SAC PeERAERY Critic
o X !
N |
HRHE 2 |
Y |
Expert > "\(I)'<Snanr:‘ﬁ/+1 > O
Lt phe <850, > : ‘
Actor 2y \YA R. [ : IA
T OM A
S | \!;/:J“?
)4 M } ﬁf’&\‘i&.%
oW
BE 4 YX ra, }
m(t)-<r_s,r a,rr, ,erM >
R M

K 4-12 E-SAC HiEREK
E-SAC Bl it 3 m Zr e AR 2R, MG T T BB IR IR R, I8A M
S5 1 EE R AT R AR, [FIETR 2 n 7 U GRERE . BRI R AR R IR
4-4 PR
#® 4-4 BT E-SAC AN B ENB R FFE DAY

%k E-SAC

1 WG E-SAC HIEMIAH R M ZE S 4. SR BREE M X R « batch “K/]\(batch_size). LA E-
SAC BIEFF UM H 3R 120 SR Kl (start_size)

2:  Forepisode =1, N do

3 BRGWNGINE L RN

4: Fort=1, T do:

5 If TN IX R BIK /N T start_size

6: BENLILBE— N BNE @

7 Else {3 550% 7, (s, ) SRt B30 1F

8: TNNBATEINE @, , SR HFIHARE 5.0

9: B (sornsina) FFIRBIZ M X R R

10: If [ 22 R X R K KT batch_size:

11: If [A 2% P X R K E /N T start_size

12: M KA TR X R REH n ZHFEAR

13: Else MIEURZZEMIX R HHUH n HFEAR L n & I

14: End If

15: If [ES M X R B RS A2 AR 4L

16: n =n —1

17: End If

18: BEHT B-SAC BVEIAI#H 22 1 2%

19: End If

20: End If

21: End For

22: End For

T Expert-Actor #58, HES AT : BN S HICE AL, A7 4L
Fi1 9 FIAFX B8 @ L[R]3 2 6 2o 2SR Expert J5 i3zl E AHLIZZI, E Jew]
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PUKF g Y0 3 — e Ju N, DAEFR AL AL T M &L i) IE s s Mo A &, AR A, FL

IR R UM, ERIFNGEN Z AT P B S B XJa R N . 2T ERALIZ )

BRI Expert-Actor (19425 5 401 5X(4-30)-(4-34) TR «
{AX =X, —X,

AY =y, ~y, (4-30)

180°+arctan(iX—Yj/7r*180°, AY <0,AX >0

D = arctan(iX—Y]/ﬂ*moo—lSOo, AY <0,AX <0 (4-31)

arctan (gj / 7*180°, else
AY

Her, AX . AY SR EAEN TN AL E m &5, DARE P
BIEDS XM FHE.

WA=V, =V, Ap=D, —@, BN AT EAE LT G RT3
fill o

—Av, < Av < Ay, 4.3
_A§00SA§DSA§D0 (- )
TE NNV AR dv R f 224k d @ 23530 m] LA I 2 (4-33) Az (4-34) it
0, q>30°
Ay, g<30°nd>D,, Nv<v,
-V, <30°"d>D__nNv>
dv — vmax v q max v Vmax (4_33)

-Av,, q<30°nd <D, "Nv<-Ay,

Av g<30°nd<D_, "N=Av,<v<Ay,

Av, g<30°nd <D, "v>Ay,

—A(DO, A(D < _A¢O
dp=3Ap, —Ap,<Ap<Ag, (4-34)
Ag,,  Ap>Ag,
Horr, v RRNLHI SR EE .
44 HEGRS 7

4.4.1 SEIRINMEIRE
AUAFEFK A Python iE5, JFARIESN PyCharm, YIZRIFEEREL 1vl 7. FA
IRSYERE N 2, SHE4EE N 1, #/E R %N Windows 10 R4, 1i B IEE T MaCA ~F

VAN
= o
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AR FET MaCA RE3SCEL T AWMLY REVE SR LI B, 8 8 M 2 LS TR
FRE 4-13 Fis.

MaCAFFSEER A 4510 1% map:
BATIE 3757 L
U |
Obs obs_constract: 85’%
il WELEH wr—%
] - W
" Bk gl
il D) 5| 4
n COCE
Hudh iy
% ; Obs  obs_constract: 8];% «
agent: H }»—'IT ,k"ﬁéi?l A /\ ! -
REH g O LT
b7 1 E

EEIE” I'

Kl 4-13 MaCA R3S S s T i
O L R~} 1200012000 K, BHL IS K MaCA “F- & 11 fix_rule 45 50, &
MUK ASCE# LT E-SAC ik, BAASHIRE Wk 4-5 k.
* 4-5 T BB R HSHER

e EA S OGN
B R BRI G 30°
I BRE E BF [8] 7, 2s
TN EE v, 260m/s
TN KA TR E Ay, 20m/s
I 2 [ 2 N5 2
W 2% 2 R A 4 oA B 256
AR 0.0003
SR T FE T 0.99
Hbris H, -3
SRR E A R B4R 1E 1
| B Y 245 58 397 1B B 20 % 300
SR = 100,000
LR B AR = 200
O R ReLU
oAb Adam B R AL 0.005

HIHT 4.2 75 B T73200 Jo AL Al BT X SR A S50 -0 ffp SR 5 R A% i B LB D SRABE T
NS E-SAC FIRAE A 58 L AR 55 5 Th 1A Rk, AT BEE 1 4 RS F AR
AL, DL FERAL 5 SO LR 46 BE B AT da A A7 S (0 AR AN R SR I 2R R 1)
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SN Forp, FEIREY 1 ONIASE 2 of, LS EWILA A FE RIS, (EAARARXS 5 AL
ANE], ERSE 1 A3AEE 3 oh, FAHLSSHVE AR AIGaIEE, (EA0datixt A mAaLE,
FEIREE 3 FIIASG 4w, LS AT AR ATAG S, (ERTARARX A A . 23
BCE RIS 1-4 BEAT 0, X EEAS R da PR S AN [RIRT 46 75 A 3 55 B R EE T AHLHL
ENRFMIFM . FARBIIIAE )2 TS Sk 4-6 .

R 4-6 TIRYIIAEH

IS5 YIUGERES (m) BIGEARXS T AL F (0)
1 6000 30
2 6000 60
3 9000 30
4 9000 60

PR 4.3 AR, 75 4 ANIREEH 3 AR A T SAC BEFIIIN T % 5K 5111 E-SAC
BT AN BB sk AT I 25 . (E E-SAC LN, Expert Actor Jy SAC Hik#R
LT MR 1 3] 256 MIZREIG 1 Expert FEA, FRIZRBIPEAR T X SeEATE BAEA 1) L
B, B EITE 256 MIZRE & 5 56 45 1L Expert FEA

442 NEERE TR

N T S E LT EE R R MR, A SO T U RS EIRIEAEE, 1R (LT
AHL) FEFRBE 1 BIREE 4 b T U145, FEVE4IESR T 07 Ik F AR . (RN IE, Sl
(FEATANL G MaCA T & F B 2350710 fix_rule HILRBSHHTHLE, DAREGE—E01
A e . X e SEI BT RIE S, A T R DAl 5 SR B 2 A R A B A IR P R RN
ERE

BT n0(4-20)-(4-2 D) B E 22 R £, 43 AR H SAC R E-SAC HiEIlZ o A
PMIHLBI PSR T as SR sk 4-7 B3R 4-10 Fios.

R AT 1 IIGRGE

Hdir 1 SAC E-SAC
=N 518.36 584.34
S (GIREE 384 2
£ 4-8 15 2 s
HbE 2 SAC E-SAC
B 392.33 498.78

EAnillvedEIRE S 1 466 406
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R 49 L3 YILRLS

W3 SAC E-SAC

RSl 422.25 522.39

KW sk al & 2 319 531
£ 4-10 8 4 )4

W 4 SAC E-SAC

=N 329.18 479.01

2P n] A %L 358.1 404

PR SEE I SR it 2 a1 4-14 s .

522 5 ek £ IR 32 Rl £k
600
100
100 -
200
200
0
= =
L. ¥ 5004
—400 4 I -400 4
600 4 '} 600 |
! E-SACH % E-SACH®
SACH SACH
-800 4 : . , . T .
0 200 100 600 500 1000 o 0 200 100 600 800 1000
VI E &3 VI%E &
(a) PRI 1 T FRATLA I ZR 2l ih & (b) AL 2 T IMLAI LRI ol h £k
1522 i itk £ R IE552 R g 2% A
- 100
200 - 20
0 0
= b
00 K 00
100 4 400 4
600 | i
E-SACE E-SACELiE
SACHE SACHE
800 L, ' ; " . : -800 L y ’ ; . :
0 200 100 600 800 1000 0 200 100 600 800 1000
I E &% I E &3
(c) P 3 TR IRALAIVIZR 2 il th 22 (d)PR5E 4 NIRALII VI 252 il ith 25

K 4-14 LR35 25
HISRIR A5 R TR, PR SIR I v IEIAS 1. A58 20 A8 3 FI3ASR 4 rpog sl in
TR H AR B B S AT d LB R SR ZRAE 55
R AR SRIR N SRS RAE A FIRAEE T REAT XS b, IS 1 SEIR S R, WRRSRE
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SR E i H B A M RIS S s, MMz E4i 1 SAC Hik, AT
E-SAC BIEIZRE B, $200 7 19 NEIAHRE, H SAC B I 252 Jih ok £ th 26 % 31
WK, R TEIERATEN: 0 2 f, RN BE-SAC Fiks R ER T
fE4i 1) SAC B3, H E-SAC ByRSCER, 217 60 ANElI Gk 2 1 & KRR M58 3
H S iR 25 R B SAC BVETEZI SR F RN R i ALft, Rk T 422.25 (2405, 1
E-SAC BIE3R1T T 522.39 (% Jih; REE 4 i 3RHL-S SOV L BRI 46 26 53 AAR T J7 67 1452
K, SAC HiE 3R T 329.18 KX, 1 E-SAC SLiEAEL T 404 ANEIE LR, 3k
27 479.01 H22JHh.

2% LAy HT AT, E-SAC BEAMU AT DASRAS T i (W22 f5h, B Rets FH 58D 1) 0 08 58 BT
%, BIASCHTERE) E-SAC BHREH R To AN R AR . Wieshodt BE AN 22 i 77 T
HeAE4i ) SAC kA WERT

NTHXTIRES 1A 4 R B R AT R . B, RN 1, A S5 MG
FEXT 7060 £ 30 B, WIUREE B~ 6000 K. $HL MaCA ~F & H IS AWLIEUE S,
AEE 1 3 BE 25 e R o T8 AL B s SR R e ) 2 b, FOR BB 4-15 B

12000

— BETE-SACHL R FRMLER1E
10000 %?SAfﬁfo‘]&HLE%&
LIS
8000
B

g ’
S 6000

4000

2000

4 2000 4000 6000 8000 10000 12000
X/m

4-15 P85 1 T AML— 0 — W3l e s I 20 2L e

W 4-15 FioR, E-SAC FyEAT SAC SyRAE Y s ik F2 v R B H AH I L8l o 3 it
2, FTCUE IR T TE AN — T AR s B i 1), PR S ELIAR 77 A A, DURIBIL
HESMFEMENZ BT S RBE X, SR, s R B DA 40 5 R )
PHES . E-SAC HIETEWR/IMEX 70 A 7 TR T m i e EAeE, BERT1E5
ff] SAC 83, SLIb 45 AF Bl T B-SAC ByEAE IS5 Yo s I A 2o

TEMREE 4, T BRI PTG FE B 3Gy 9000 oK, ARG 60 B . $EEL
MaCA “F- & H T AN EE , IR5E 4 BT PR 2 G F2 o e AP LML Bh ok 3R 2 B o
4-16 Fli7R.
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12000
o FEFE-SACHEI RN 12
N '3 [y LA
10000 %TSA?EPE‘H’J&HE@{L
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