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ABSTRACT

ABSTRACT

Human-UAV collaborative systems, which integrate human cognitive and
decision-making advantages with the autonomous execution capabilities of unmanned
aerial vehicles (UAVs), have become an important approach to performing complex
tasks. Appropriate human-machine trust is an important prerequisite for achieving ef-
ficient human-UAV collaboration. However, due to the nonlinear dynamics of UAVs
and the limited environmental and state information available to humans, humans often
find it difficult to accurately assess the actual capabilities of UAVS, which may lead to
trust imbalance. Trust imbalance not only degrades the effectiveness of human-UAV
collaboration, but may also increase task risks. Therefore, it is necessary to quantify the
level of human-machine trust, characterize its dynamic evolution, and further design
trust-integrated human-UAV collaborative methods.

However, existing studies still have limitations in human-machine trust modeling
and collaborative method design. At the trust-modeling level, there is still a lack of
dynamic trust models that are closely associated with machine performance. At the
collaborative-method level, existing approaches have not effectively incorporated trust
states into planning and control processes, making it difficult to mitigate collaborative
conflicts caused by trust imbalance. To address these issues, this thesis investigates
dynamic human-machine trust modeling for human-UAV collaborative tasks and further
designs trust-integrated collaborative methods for landing and search tasks. The main
contributions are as follows:

(1) To address the limited interpretability of existing trust models and their dif-
ficulty in characterizing the influence of machine performance fluctuations on human
trust, a machine performance-driven trust evolution model is proposed. The proposed
model enables the modeling and tracking of human-machine trust dynamics, provid-
ing a foundation for the subsequent design of trust-integrated collaborative methods. It
explicitly distinguishes the machinebds objective capability from the humanis subjective
assessment, characterizes the evolution process of human-machine trust, and improves
model interpretability by analyzing the physical meanings and related properties of the
core parameters.

(2) To address the lack of a reasonable control authority allocation mechanism in
human-UAV collaborative landing tasks, a trust-integrated minimal-intervention shared

control strategy is proposed. This strategy improves the task success rate and landing
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accuracy while preserving human intent as much as possible. Specifically, the ma-
chineds objective capability and performance are first quantified based on intent infer-
ence, landing accuracy, and task safety metrics, and action-value evaluation and candi-
date action set construction are then performed based on deep reinforcement learning.
Subsequently, the trust state is incorporated into the arbitration process to dynamically
adjust the value-loss threshold of candidate actions. Following the principle of minimal
intervention, the action closest to human control input is selected from the feasible set
as the control output.

(3) To address the insufficient consideration of dynamic trust variations in trajec-
tory planning for human-UAV collaborative search tasks, a trust-integrated human-UAV
collaborative trajectory planning method is proposed. This method improves flight tra-
jectory smoothness while reducing human workload. Specifically, the machineds objec-
tive capability and performance are first quantified based on flight safety and visibility
metrics. Then, under safety constraints, a motion primitive tree is expanded according
to human control input to construct a candidate trajectory set. Trust is then incorpo-
rated into trajectory selection, and the selected trajectory is further optimized, thereby
generating a trust-aware adaptive flight trajectory.

KEY WORDS: Human-Machine Trust, Human-Machine Collaboration, Shared Con-
trol, Trajectory Planning



211
212
22
221
222
2.2.3
2.3
231
232

31 .

3.2
321
3.2.2
3.2.3

33 .
33.1
3.3.2
3.3.3



B4 H K 31

B4 L K b 31
342 b 2 32
B3 33
344 B NG o 34
B 36
4 Ho R T T O TR UOOPRRS 37
4.1 KFI Z 37
4 . K b E 37
AL 2 38
413 e 38
42 G , 3 "bPEV TLR B 39
4 2. T D E VT 39
422 R 7D 39
43 Hk - =) L 41
431 Hk D 41
432 D 42
44 o b N ot 42
4.4.1 B 44
442 ' T 48
A 50
5 Ho i TP 51
B L 51
5.2 A 2 52
D 2. K b E o 52
522 54
523 Z 54
5.3 R b 54
B.3.L T TH 56
5.3.2 L 57
54 Hk ° 1 58
54.1 o SRR 58
B2 O E B 59
B3 61



—_

55 o b N 62

5 T8 0 62
552 b N 62
5T 66
6 67
8. 67
B, 68
....................................................................................... 69
............................................................................................. 75

D 76

VI



\
L 7
L2 8
21 . T h L L OS] 10
22 - LT L 11
3.1 KFEO 32
32 H  HK 34
33 b HKM U 35
41 Hk ° ® TR 41
4.2 K F O 43
4.3 OO UOPRUPPRIPPPI 47
4.4 £ UURRPPPI 49
B L 53
5.2 Hk . 8 55
53 FrAChEt 58
5.4 n. B 61
5.5 7s U 64
5.6 7s T3 65
31 i PDTEM G T e, 34
32 H  HK 35
4.1 S o SRR 46
A 46
A3 48
51 S o SRR 63
5.2 TP O TR T OO T EOPRRUTRRPP 63

Vil



VIl



1
1.1 0 M
. Unmanned Aerial Vehicles, UAVS" b 4w h T [
¢S a ° iy 2]~ G [Bla - 3
b 3 (41, " (5] N KFT (6] A - L
. Wt 2L~y p3 @ H
_ z ¢ n. ib T Kk FPIA 61
F b EV. . wun h v
Ao~ .40 & n 0 7% 2023
2025 i " a. H 1 7
[10] 0 & Unmanned Systems Integrated Roadmap FY
2017-2042i /% VI h [12); ¥
& A Drone Strategy 2.0l  Z G b v V
[12] &
i 6 B a Vi
- < 1 Y n hbsA b
- z Db - - L=,
2 b [13]; . ; .
z A = v b 3 v H
A T x B [14], (15 -
Y ” 0P ” v
A L h u A |k 5
b T a [16F 31 W b~ :
" 0 i Yl L%
Y N A
Y h } L_ nbb h
Z - \ I N A
W . no ¢ H z:': " G
L ® h D - T a L
l e “F3 b ¢S b
_ oz F o1 o T i
ne h (131 A ©h n>h



1
- L O Y i (18]
D Z & G T
a L 3 G._ * LA
- \ T Hk bkk n 7 A
z o 7 ~ b © HKk
[ z A " HKk
faw T Vb w9 a n A
R | "z TF 0
b H M No [20] A H b [21]al_: Y
T b [ ai Hk " Z b \
v 0 Hk ' H K a .. .0 _
i (22 ¢ K F 0 nH ' Hkb
t W F b [23}- y VK F A
v Hk w b - L n A
i A - - . 1 T Hk b
b d Ev’ 31 AL Ny
. Hk L i - Te ,
e L Ty, A L " * H
K ~ A - H Kk o ybIl A, -
\ r A 6 ~ - \ T Hk 1
iV KFET T F R * HK -
- \ K F oy H Kk L v -
\ KF F= H K \ 75 A
1.2
121 Ho
L 0 i 2 h K F
z A a bP  bu i - Ne h_ b K
k. T 3 0D ' h-c b L RN A W T .
b Nok h N H Kk
\ A 7 H K H a a
1 ¥ A
| e " T GHK H W [241 A H
K R N Hk ™= 2@ “'Hk a



Hk yI b [21ALee  See Y1
1 Hk Wl X b N w9 ' @
' LI%IAKok  Soh H ey * Hk W H
I ¥ e T Ho b HK b T W
HK H T: b LEPIA
G HK 1 Ty A
b HK H K A h  Newy Az
(1) A h N 01 [ L
Y H K A e [ Hx T W %0
L - b H H K
Alian . 6 No L,”  12a H Kk -
L H W [2BA Schaefer v 40
H Kk 6 . ek Hki [A v NnOER
zHKb H Kk H k B0 vi G6Hk "
i y H K [311 A i
i H TP W @r h o “f§f Y LN
a’  Hk 0 A
@ A o 5 y
H . Hk = A h Neo
; 323y . £33 w o By [35-36]
H~ T, Hk A 1. T~ Dong
zb .. i H™ Ne ~ v b .
Hki. ~ 2 H” Hk B7IA Akash | #
i ey * HK b vHK b bHK
H"HNe ~ W v n . ¢ [35] A
Gupta T b h E “ v
r Hk™ 0 ¢ %o H K |
1381 & ¢ T b Oy
H" bHKk H A - 0o H” l
) D 3 Ne G X - Ne
b 0 x A
(3 A £ T Wi b_
- H K A " Hk W W
h W i W, a a Hk ~ Vi
M H K i y BIA | b



" e 0 b W Ao~ Hu _ # 1 e T
H"H_ T Y Ne ~ VHK” _
[B9A Hudspeth ., ", . ek FT b
b L Hk - b " vT
2, . Hk MIA W i H \
L ¢ TP G Y Hk | o A
H K Y Hk L 3 A H
K b b h " Newy Iz
(1) ! A Ne A~ 1> L Hk
Sy i He Hk Alee Moray 1 ° L T
G b £V ) “ Ne
H Kk [“UA Sadrfaridpour ., Vb L T 6. !
L. v I HK ) w a h v 73
L - H K [42] A
(2 6 No Ne . A c L b
 HK W T t A Hoogendoorn
No# U, Hk"™ Ne N o]
Ne =i ° Y [43A Gao  Lee _ G Loow
o _ wi HKk [41A Akash . #
TG i W 303 Y6
D Hk WAHU " . Hk * HK
Y a H K Z P - £y b H Kk
b (29 A
) 6 b 5 A vooG " e H K
T b - T  AXu Dudek#
. » W - cA e
H K [461A Akash . Y N¢ T Y * HK
L b W T v, € T g 471 A
Hu . 3 Ne H~ Ne ~ v H
K Ne (A Akash . ¢+ W FuW Ne v
T b T o# w7 L u
v v HK [351 A
Hk e o, T v HK \
A He 7o h T yiHe



1

(1) 2 H Hk %A h A an
"t L [ %o, H K A Huang
T kF 7 H T %o
T H K v MARezvani g >
TO ~ H A Hk "~
b T T e [0 A Okamura . %
v HK % ° W i % | H
K HkKkbB h- L H ¢ H Kk B
%0 °U A
22z Hk oA A 6., Hk v
h L oo § A zahedi . | H K
- . Kk 7% T a . ' Hk "
b H * BAA Lj " f Hk
- L v T * * 531 A Hu
b H Z T H kK N
- Yo " L © Ne PBAA
- . Hk a b 5 2w “p
K F H Kk b A 3 -
W v KFET a 1. yi
i b % A W G
K F H K A
122 - y
- n xkk [v® L
- - noe \ _ A h v
L_ nHY ~ Lt 7% A \ b
b 7 h " Nw b Lt 75H @ A
p L - 1 h b Ty
h La z>S' n ar" L L9 b n b
A W a. K F N -
¥ L~ k "y @ Z kF A Nieuwenhuisen
v, D b T n i U
f Ty T n 551 A Odelga
b P KF" . b “
Fu G L v k b



1

n
TD3

Yang

<l

1.2.3

T ® 61 A Ghaffari ¥ =
' - neEwu
b 1A Backman
b +
N [58] A
% .-, 1 h 7
. © 7 b
Michael | Y 0 E
wof
F R ) b - n
. N ob-
H .
(B A shi
) A b n =~
[62] A
v b Lt 76
b 0 =
b R H k
G A -
W A
” Noz# H K
“ b W b -
ALk
H K K F T
} Ca -
b i
\ A w -
T a i
Hk i o A W
\ L T A
L Ne L M.. }
L Ne ~ y

G~ Ne b L
k b ¥ D~
KFT I Ne b

Lo~ 7 b b
~ b
p % na A
Z b b
(591 A Yang
b :
z [OJAWang
W on | n a°

t F R

T 7 G b,

- \ N 1

A - v
\ H K
- \ 0
H K -
Eh Y 42 @
|- -
) K F
D" i Y
H K
[l M~ Ne ~
L3, ~ 3L
A h w
L - Lk A



H Kk a
Y t L Y Hk # uw YA
Y H K } Tt Yy G
A
(3 7 Hk* i b A h
W L. - G G n -
K F T. H Kk ~ 78 i Y
K 7 A Hk Z v -
% bih H T Z Tt \ W b
A
1.3 Y of
131 Y
N F - H K -
# b K F v, Hk - \ A ¢
11~ h Y A @ '
SRS EIEAOA -TANDERGZ
-
WEHRIEEIEIRSEMANE || MAERAETANESHS | MEHREGEERSREIGSA
Hkik HRHMSESE TANSERRNERGCIRE KFRHARY CITHIE
r
BSEENSDTR HERIEREIRTNAI AHSIE BSEEHANNDE
Iﬁgg ﬁ%ﬁﬁiﬁfﬂ%mﬁ &M&x&%ﬁﬁﬁ = mm*miugzmm
I—{ EFANZES(FHEEILIGIE }—,
11 r
1) HK b "HNe T
H Kk TFER ' HKk A
No3, z b, h T Ne = Hk"
_ ’ ; G H kK . b7
1L 3. Hk . ’ v Ne a g1 ”
R IV " A
) - KFT L N m, ° L
Y F . Hk L A & G
LkKF E ; G z b ’




G ) 3 “"bev T°7 B o] T
R b “Pu Ev [ B o
. Hk ~r, Lee ” Hk  °
P 1T EV v’ A b T
~ " bbu L A
(©)] .- \ KFT 7% Hk” [ b
T F R H K \ % A WY N
W E - K+ b A S
~ W A MR
P aRr b W vyi R
H K ’ © HK ~ n -
n H K A
1.3.2
1.2 N |7l‘
/ N
2
(F1E)
|
-
AHIFERE AR
(52%3)
)
LA REIR B Y
SRR
(33%)
\ [
v 1
R AR S U A E R AL FE
BRI SR R BRI 75 1
(543 (FE5E)
[ [
v
B 5RYE
(F6E)
1.2



32>

aHk

-“

v
. Hkb. -
p b
: ~
i A
A ey
Lor
H Kk H a
. €
A
. b A
At 2
v4 a 6
@ L yi
78 A
- a
KFI
n,
© Ne



2 |
v i ’ b A & v, VT
Hl T L ¥ */I LB' ~ L! i - 3
i ) = a GEVbL 6 y i 50
I T H * Y
A
2.1 Y _|_
h- 4 e L Y K F
- -‘l LT [‘ 7 A-, V L e K|_
Bt b W, N LA st A
n ® Ne % pc L € LN Lo~ 7
Now L.~ Ly A
211 1° _|_
.o Gb ® Lkk . D [63] &
21 e “J L G_: LTD LH A mv -=
i b ® No L~ ; sL
[64’]’3\“J L . T:) N n')“ \iw L
KFT b A
H FKF
L ]
! |
Hi% S W A
| Y B-EIE TN
INGINISE BN
21 . N T h t L [65]
- L T . e Lya
LT L oy T Ae L T 5

10



. b " L 6 " b Ly b
Y ‘ A L T e L - L
- L ~¢ L o ¥ Ae 1T e -
"
0000500000000 00000 ~ 2
T T O ¥ L 5" 056 Oy Nez L ot
L~ o 0w L N G LT ab A
0 ” Ty .
" A
212 af +
b G LT, i a ab L .7 Lp 7
p 0 W L b A 22 N L
W h 0O » 0 ® A O hr b ~:°
L™ ®  ZNow I A U S Ly T A
FEHIR RS A
m&%qﬁ—zﬂ?”ﬁﬂ‘ 1 ki
Sl [
PlLas
PlaslE 4 t,  HLERIE mHE ()
REF BESEWR
(RS 21 B Rl 4 )
22 +~ L1 | L
W T ” - T " b A
o f 97 a 6 n v
0¥ L o k ~ L TP
L A p Ly v G
N "G h b A
s W T - - ¥ . 0%
TA K F h v h



AW [ v D a
o - Bw . 0% v L A
W 0 R \ N A
i L T X n 1 A
# | - - T [
L~ W b1 A - v "
"HNe " T1B - O b - ’
- T z b A -
) G L b
H A
2.2 7
3 h r v b € T I
b Ty A 1\ KFET” h_
" 5 T K F a Yi ' e
A ¢ z el b n v 3 G
T _ b L A
2.2.1 oo
3 - ~ Markov Decision Process, MDP~ I7L
A MDP VW e _ T X o
c | b 0 b bAT TAWe % MDP 5°H
0D (O amd ‘
A *  State Space, ™ T " AT
L T B a a * H A
k- b ~ Action Space, O™ N " b 2T Ne
Y b b b A
A " Transition Probability, 0™
Y w 0o o |- o~ b0 nw iy
A
A :  ~ RewardFunction, O™ r 0 b0 4
i H™ ™ w0 n A
A ~ Discount Factor, I™* 0 v yw 0000 G N ' b
A

12



MDP n 3 n 0% a ‘
A O, Hu'
O
0; 0 0" Do S 2.
goa
2.2.2 ITMWF ] _ i
Y n v 3 " NeiH ' GEV L G
A
GEV T i b n
A" bev e [Oyl0om o b0 0
- ‘l U ‘i-l'
O
00,0000 O O 0°0 0, 00,00 ~ 23
a DDDEIDD [DDDDD I 1 0
'+ n* pev P 070000 n ‘
0700000 O Ogogp mome: 7000000 0 0 max DDDDD[I]][DD S 2L
GEV 0 n n A -
F L' b ) T a Ov o Y
G f " b A
L b " @6 P 000000 a . -
n a 0 . £ OIODAT a -
" b 1 A T " W '
O0p0000 O Op, gOg In 000 0 00 Oy, 00000, ~ 25
G ) v G _ L
Ap T T a #
v Tt L3 b A
2.2.3 "
D 3 GV _ b a
" b P g 7N Y
b Ay Lk v~ ) 3" Deep Reinforcement
Learning, DRL" T 3 T # E
v P P Y W _ bt L A
_ 37 GEYV Y Q " Deep Q-Network,
DON[%ly 5 A DQN g "beEve b

13



‘b LT anDv by [ cb L A
HI" 6 .3 %
P 00007 b n L Arp «kF
A
Actori Critic EvVve T &b .- EV Twu
L - G L A T
Actor s F L b "0 Ne ~ a .
07 Critic Tk i” b - EV i
O AS T Critic ¢ EH™ " Actor T
C T A
G Actori Critic n T n "~ Proximal
Policy Optimization, PPO~ 671 { [ A PPO
o« bt H i I A .

~

Al «9 P ou'

0"EEE 00 0 omin go,0000@clipdn,00000 O 000 O 000 g " 26

i T 0000 b v olinbe T v Oy
L < s FV DOQomoon = v
C L A

Q
>

\ T \ F e %o

T r KF b " Noy b

14



H A
231
H . T [
B l r K F A - [68]
T A " T “ ) -
G v A
W A~ X T 0 0 00,00 My 0
i ToO0O I A : L -
' Oy O 00,0, 00 0 \ @ H AH 0000 o
Y AT b T Lo w0 ‘
00000000, 0000 0,00 ~ 2T
” - X T Ty Y 3 L@
& Az n E ) 7 [H %o
0,00,0 O 000, 0 00 000, 0 Oyl Dypg0yng0 S 28
i T° D00, 000ws P ° ¥ s 0 o |
b o [ ' 000, 0 Opggl W 6
K F T L Iish [ Oy A
- ~ T ~
i
07 0 argmax 0,001 ~ 29
0,00
v 3 " - ~ H v b
v H A H v B 47 0 '
A
2.3.2
b 6~ # “ h
FioA° b W p ! T
Y LR % - H A
" uWa I ! AX AT 0
w 07 w O 3 LA Oino,00m b

15



b

~

L

Oioo,oom |
Lo
P 0O
71 A

! D[HDDDEIEID

DEIDDIDDD O DDDDDDDDDDD[DDDDDDDDDDD

16



3 N H k
3 " Ho
\ T . Hk (7214
N K T b H K
A | "z i b 0
b H A - Y %o Vi
KFT Tt al z o F z A
Y W Z VY1 Hk i : Ny
VW ) _ HK ) H K Ha
zbh z _ aHk a a Hb

Ne ~ Y1 o b o A

3.1 Ho ™M
\ T H Kk G Zbh
Z H A z 1 i z- _

[ " h zZ1 3 T v4 h il
_ R, Y [ A - £ T h Z
b Z H Z 4 Tyt z"

a_. G H K M H K A
H 31( Hk) w% L z zZ ii”
) T L. Hk gu, h z Db
z Ofmmon v
DDDDDDDDSDDDD 000 © 31
05000
0500 0050000 000000 000 ~ 34"
[ 0 h z L pbmn no L+
Hk v’ 05i0ma 05000 O5000Nezg w [ 1 Hkvah
z b z A ~ 31 T H . HkuNe vf ~
v, 10 - H H G A
W Tors HEO™ " Y ¥. H 3 @ h ‘
A Hk © A H Kk
[PIA 5= Hk gy W z ¥ h
Z 1 G L TA - z

17



b h z Y Y " HK b
* A
AHKT @ Ab @ r L T z
W H K Tvy: A " h z” @«
z z "y i h z::7 . aHkKk yi
@ - b @r A
AHk = 1 A ¢ W bk F A
* Hk v KFDL i i A
AHk ~ A HK H W h z 1T W h TP
" [t A @ Z H ~T Yy H
K 7 H K H K w2 "
Ly A
G H gU i~ Ty W e T
H K 7 NeA e T b Hk h W H
Y Hk™ . T 3 z' W MHK™ 4.
VTR z A 4" h Z b z n
~ 4 0fmo0 Y Hk 6 A - > T
G Lk F S S o H b Y Y
T3 ™ AHb 377  h b ZH z
"H p". Bbw b Lo y
\ A
H 32(HK ) 3t T T We v 0 0O oo
w Hk 6V D00mMOO0p ~ G H K A v
IV, . Hk 05007 ZNew y A7 ‘
H HxOODfmoooo
H K DJEDE Hk O 000008mO000 " 37
ﬁ MHk O 05000000
3.2 FoF
3.21
H K G z" 0
_G £ T bh o A ~
“buwHK w oA

18



3
6b . 1bkF a L. 7 v
’ E 3b Ay KkFuwo>™ 1, B
i o : o
KFA ~ KFT h a
A b KF 7 T r Kk € 0 E
47 Aw b kKFI - O ¥ W
A
H K 10, vl H HKkK H v '
0000 @l0 000 ~ 33
G Wi rKEF” e E B A
le E Mo OOp E w 0000 ¥ T 000000 +
OO0 OmmA oo ¢ oy~ K F A
[ "€ T ‘ " - AT 3
v o Hk [ LAYV pN E
E © v A 0 w O i w DO0mMr ¢ O
@ E Oda M 3t Huw'
minlO0000000
0’000 0o
0,000 0 iiimmm 0 0000 m Ve
O 0
Mo Oop w 05000 T ogu!
Ol
050000 — Oy 0,000 ~ 35
0oa
I T° 0w De E ; ‘
[
0,000 40,00 ~ 36
ooo
W 347 3674 W A i
K+ FN E [ A |7; A
3.2.2 F
G: W - W ¥ z 05000
y A z 0500 6 kF ol T z
- a G h z A



T z L @ op i z L e T~
v 7T " Z
" A
Z T LR H P b
T A & H HNe 7 ) S '
Aé¢ "™HNe sr k0 THNe b v K FI
z [ w”™ LI yAR" - W
I7l t
D50 oSmooS0 00oo S 3T
Ao | M ® H - Z Fol"
LI [ 3 ¥ W
0 O
DEDD[DEDDED[DD noo " 38
oo
i T~ DF00 leM p [ A
. , Z A
Ad b A P b HNS A Tt W a E
v e b k 17 v '

05000 0 of

O oS0 o005 oooo oS oo 39
i T 0y 0000w - o6 ATT by
A
KFT z G "bwF A T A
G WH ~ z ¥ NX
X 31 Z ) Z T i
DDDDDDDDD DDDDDDDDDDDD oo, - 210
0500000
i T Ou 0 T AT - A
¥ ° ° 310 T 0fioos ofmoooo
z” 38139 F o1 0T AX 31
z o, - iT v3b * T A
” T he 6 vy & | )
T Z A

20



323 | F
z 0Ogodo € T z
L TAbL zb “ h z W b
T b (R aw - |
@r A ¢ | z b " h
Z 7%Now He ' @ b Al 1
F |k z A - £ T ¢
b k A
W wQ A kF H |
-1 0 b z 7 ® H A
v o a 1 F3 @ r i Z
h o A Gar- A z
- e W h 2 Aw ~ ~A 0,00y
Z ~ A h Z Hu'
05000 O 0,05000 )
H Y " _ A kF T . b
b oy k A [
wi [ Z T h
z Aw -~ ~- 0,00y W
1 DaM h 05000 gu'
05000 0 0,050m000 0o )
i T° 050w e M A
h 05o0 ~ . w1 bt W 1
0800 o oo A [ h z (0 b
N v h Z
h z 05000 " W'
08000 O 00 0 030000800 0 00 0 05000050000 00 0 )
T T 000w, 6 A~ bk h
z T A
~ 313 7 h z 1. W

DOBoo0 0 080000 0F0 O oo
0 00 O 000000300 O 00 0 0500005000y 0 0g00 O 00
0 DR000n03000 0 0500 O Olg

21



3 N H k

5 005000 Fh bA~ H z "4
Dofoo0 0 oS00 0 080 O oo © 314
t h z 1. 7 EQu'
005000 O 03000003000 ~ 315
oimon . L - T
' H b H
A G N Z h o
Y N ' vV G )
Z h o 1 b0 . A W £ T [7S1 A
" h 4 h wy iy
A 1 6 * Omofimoo s A~
A &G, z h E i W G b
" b Ya, z o 0 1A
v 0y o v” h z 1 i
ll'l t
005000 0 050040000 0080000 0 316"
A n ' Dofjimooo v v, A~ A
¥ v I7L i W v
C v z h EA og b
v’ h z ¥ 0 '
008000 O 050030000 0050000 0 ~ 347
s _ ” b oo 0of 0
T v+ oh Z H b I . A
R % ~ 317 7 h z ° "
h-l t
HOS000 O 00 0 0700000800 O 00 0 030000,050000 00 00 - 318
] .
08000 O 0,000
Hojo oofimno o
0 . -
OO goo 0odim0 0o 3.18b

D
a 0
HOgO 0050000

22



3.3 Ho
331 Ho
I sHka z b h Z B
HK i r A
S 3da 11, Hku'
05000
050000 =4—0 000 319
05000
312 9" h z 31307
0g000 O 00 0 0300000800 0 00 0 030000, 050000 000 " 320
3200 7 © 319  # 0500000050 000050I0007
I‘r
; 10 0 0700000300 O 00 0 030000505000
05000 O .
05000
oomo DDDDDDDDDDD 0 000Gi0 0 0 0 080000 00" ~ o321
D D500 00 oHmoo '
v T oy
05o oo 05000
0o000 00 == 0 Oglonoo =2 327
H 05000 o oFo0o
103210 T Qu
03000 O 00 O 030000 050000300 0 00 0 030000, 050000 000 ~ 323
X 310 Ofmoogjooor ¢ 000 00A W H'
05000 . -
000 00 —g——— 3.24
0500 000
i T Ogd0w M Oe M 2% G
ogo 4 z 1. A
000000000~ 323 3 !
03000 0 00 0 0700000500 O 00 0 050000, 050000 000 " 325
31 T
050 0 050000 00 000,000 O 0 ~ 3.26°
v " 311" b 319 7 Hk A v
03000
0fii 0 —5— 00 327
O — -

23



' 7 [Hk . W Y
0 05000 000 O 0500000500 0 00 0 00000, 0500080 000
0 . -
0 0500 0050000 00 0y0pg000 00 3.284
E 05000 O 0
i T
0 0j0 00000 o
0
0000 g o0 oofionoo "~ 3280
0 o 0
0 050005000
005000 O 0,05000 0 0500 0 000500 O 0 " 3.28¢7
4y Boe - ~ 328 Hk " ' Hk
Performance-Driven Trust Evolution Model, PDTEM™ Y PDTEM
0 A
3.32 4
PDTEM a a a - 1w
Ne ~ Y " A
W Bo Ty T v
0y 00 0 Og000 "~ 329

t " 328 T Qu

030000 0000700000500 0000030000,0 000 " 330
3.1( G ) [0jno0s3 000 0, 000 Y 000
E
050000 " 330
“ 328" yi ooofoofoo”t v kO 05000 O
IOmiA - ~ 3300 T
03000 O 00 0 00000 0500 0 00 0 030000y ~33”
4 0fion ofmoos o . A
n 0oo 05000 O DA
ooo - p 0J00O O A

X 00000 D5I000000AY e 0;00Ff 000000000 c

000000500000 000 070000, 00 " 333

24



3 N H k
"~ 333 o~ "~ 332> " ¢
03000 O 00 0 0300000500 0000070000, 00
4 000 3 A
v D 0oao oo oo A
A
3.2( ). 0Do00oal g
0050000 | E
03900 O g mind0500000, 0 00max005000@, 00,0 0000
y OpO00,0p000y ¥ Ogioiooomr =
0, 00O 0000,00 0000,0
~ 3300 ©  C pfiow ofooos o, €,
mind00500 O D000,0 O 05000 O max00500 O 000,40
P OyOomomr ~ ~ 337 W Y '
min00500 0 00000 0 05000 O max00300 O 0000
Dl
0 00 mind0S00000 O 00 max005000000
* 050 0 1omoA
! 000 05000 O 100D 0A
ooo - ~ 339" 7 0fmooomr A
X 00000 0500000 0 I0MIAY 6 OO0 O 000

' DDD oooo 4 D 000 O 0000 0A

~

. - 000 0SmoooomiA |,
47 [~ 335 A
" Hk G Ve
bw¥ 6 A
33( ) nor 0ol & 00 O
0o oot
M E
n®ooo,00

25

~

3.347

3.31°

~

A

Qg

0000000 YHo A

3.35”

3.36°

3.37

3.38"

3.39

3.38"

339 7



I v E
0000 oo ofooooo® " 347
> E
lim 00000 C "~ 343
n E
lim n5oon o ot S 344
" 329 b C 3400 7
0, 0 Og0pinoo,0m oo ooog "~ 345
v ~ 3300 T
05000 0 000 0gomofi0 0ooogoe®o 000,00 " 346
H gt Tt
Ol 0 000000 0mE 000,00 " 34T
s W 7 Opinoofomofjmooont C 3400 T
DfinooBfmooo 000; 348
~ 348 [~ ~ 3287

0o5oo0 0 oFooo0go 0 Bofin00ig O 0050000000000 000,00 3.49

¢ Ofmomoo oofjioos Ooooon ~ A

ho Nz A
W' 00000 ¢ D§O0O00°A © 3497 T
oS, 00000 "~ 3507
~ 32800 T
0 0 ~ ~
0R00; 0000 Og 3.51
~ 350" T " 3477 7
000, O 00 O 00 0 000000 "~ 357
¢ 00000]00f 00000 00,0000 DA T
ooo;
0000 0 00 0 05 0P 00,0 0 0 " 353
lim 0000 O O "~ 354
opoo

26



27

3 N H k
W' 00000 ¢+ OfjopoO0A  © 349 7
oojio, 00000 355
" 3280 T
0 O
0R00, 0000 OF 3.56”
" 356~ " 347 7 ¢
000, O 00 0 00 0 050000, 357
¢ 000007 OO0f 00000  DI0,0000 0A -
nooog,
0000 0 00 0 of0™oi00 0 0 3.58”
lim 0000 0 0 3.59”
opoo
72t 0000 4 ofonoofA s ~ 349 T
o5, 00000 3.607
v ~ 3280 T
0n0; 00000 3.61
" 361" T " 347 7
000000 3.62°
o 000 ‘
oo 0 O 3.63
lim 00000 0 3.64°
ooo
lim 00000 0 3.65°
ooo
P S 3477
lim 05000 0" 3.66
ogno
 Hk 1 0050 [ 0 A
W - G “ Hk 3y A



- H K

3
34( ). ooy o@or Y 00 Og
E
Opionoo@do,o o000 ~ 36T
3 000; E
oofiono o " 368
SHo 0% 00,00 E
lim sup 05000 0 0,080 DEDDDDD ~ 369"
oo s
5
000008  oooooofmoooo® " 370
" 329 b ° 367 7
0 O 005000 O 0500 0,0 0 0% 00,04 S 37T
3717 T " 33007 H S
0000 O 00 0 0300000300 0000 030000 ® 0 0gyp 0 O°F
0 00 0 03000000300 0 00 0 0¥ O 030000, 0;
0 00 0 030000000 O 00 0 030000,0; " 37T
- ooo;

" 368 a " 3280 yi 0D0OO;00700"
373

O 0 0
07 003000 O O
~ 3727 H 0 v’ . gpoog -~ 3737
100000 O 00 0 0500000 0 000 0 050,500 S 3.4

T 374 O T
0
100000 O 00 0 0g0°9%0000,00 O 10 0 0yt*™ofo,00
000,00
000,00
On000 a dnd ~
000 O 06000, 0 05008 — 100 0g1 375
ooo
3 v E T
u0og0o 0 0omo DDDDDDDD 0 A
- 00050 0 - 0— 3.76”
0 0
ooo O a
" 3760 97 " 375 77 ¢
050,00
— S 3T

000000 O 00 0 0g 0790000500 0 —
|:I[I

28



o 00T G W
T Y HKk z G
v PDTEM Y A 0
3.5 (W ). 05004 Vv Ho Opr' i 4|
fi fi ' e 0% 0T @ fi E
00,000 0°00,000 " 378
1Txooo 34| i f Iy E
nP00;p0mP ooy ~ 379
y W W o T W Hod [
" 3300 7T T W '
03000 0 0300 000 0 0500000, 0 0500 0 00 " 380
T ~ 378 7 "oOo,00 f DRI oofA
0°00,00700 mMP00,00050 381
T- " 37" 000,000 0ho00 0 ofA
0"00,000700 1Y 00,00070 " 387
O O ~ t
¢ U;00;f DOO
O 0 ~
0fo 0050 3.83
380" b " 38" wmfoogomPooy ~ 379 A
r % PDTEM H a H G A D
3.3.3 [
PDTEM . 6w ommimiAT T- Qwa & 77
L a bo T Omimiuc a - G
€ T AN F G Ne e a T A
A Ne A ¢ ~ 328 T Z Do5oan a
0y T Ne ~ a Ne ba T H
w oAy @O W - H K b u Ne w ~ g
ooSoon oo ofimoo5oo0g 000 " 384
" 3300 T
" 385

005000 O 03000g0; O 0300 O 00y

29



3 N H k

¢ Oonoo Dofimooo - ooSmmobs OpooSmoont ~ A
T # Hk “ M Ne b A - 7sNow H
o°0oooopfooooo o 0000005000000 "~ 3.86"
i T° Ov Hk:': A ~ g- Hk ] AHk G bi
¢ a b i T A
~T 7 v o goo® o ”
0 [h o - L - 0 OA -
omooy  ooo E 05000 0 07 A
~ 3287 H 2t Nez Qu
0§000 0 0000500800000 0 050, O0gioig 00 oF ~ 387
ot Q K ooo” gy - L Fu'
05000 0500 O 00 . .
0000 00 00 O 000000 ofoao 3.88"
Ogoon0 0 Ogooo
y a '
o- poof
Yoo % oo . "~ 3.89

DDDDD 0 DEDD 0

0000 O 070,000 0 0500000 00 of " 3907
b Nez w 076 OYA o™
B t
005000 0000 0 07000
DDDDH 0 0 HD DDDDH 0 H ~ 391
%DEDDDD DEDDDDH aigiadhy

HE %ot T é_X

%0 argmin00® 0 0Y070; 397
i T 090 mPmhrA
" 389" T b T Nez  u!
(m ~
opooooP 3.93
w - ojoojo” o [C b H T v
e
a 0 ~ ~
M 0— 3.94
-

30



T 0w b E"a ° - b T
W Ne A yW "
" )
0, 0O ok 3.95
0o oo -~ b Og T W b [
W z Auw W ifW E"a T v " 4 T
v [ | 0 O O O
0R00 - EHDD E ED[DE " 396
34 Ho
Y PDTEM i h K F U
H K A bkF y - G
T z" i W T h T
Y G a T b A © G PyFlyt 0
THR I e 3 2 K F A N o
W N - Intel Core i9-14900KF
24 - 3.2GHZ 6.0 GHZ” NVIDIA GeForce RTX 4090
\" 24GB ~ ) Ubuntu b A
341 o°
K k 5 T h % oyl
C o - h T ® 1 K FA
K F z R C W 7 [ %o
b Bz~ y & . T P b s W
“ b } L~y G
A KF a Go - by H
K ¢ A
0::: KFbuwHK 0 r A PyFlyt
0 T 2 o 3a b N T le A
C A M P B v L M h
KFA 31 %= 0 - v . b 3eR
B Ne ~ yi A

31



i b L I S K
FWoTor A KFT” 0 Kk F w OeHKkK v
KE w T A
0 KF w H4'
HOkF w
00000 g ~ 397
HDDKI‘
0 kkF w . b [ T
W Of v\ w Ot W T Z H4'
0
Dd:DED " 398
KF w N R T ° " K F
T T w DA 0 kF T Hu'
000 k Fow
DCDDDDE P ~ 399
HOO K F
KF w ~ 000,00 0,000 O 00m0A
S 34 S35 kFWY T Qut
050000 0,000 0 00,0000 000,00 ~ 3.1007
i T 0000 0000 Ne# KF w LT 0@ v
' v: Op Ogwu A 176 0,00ma O, 000 0
o ooo i 0 0 00DA

32



T K F h L PPO [ A
G A [ L @ TG bi fkkb b
E %W " ~ 37 i W Aw ~ b W
K F N o : h 2 O TA KF w
BT vV NoZ u
il o " ) .
0 = 5 00000 00 = 0000 3.101
ooo ooo
t KFWY z” "
05005 00,0 0,000 000 " 3107
T - Lk ki w w 00000 T
w DOO0DA 0O, O 0Da Oy O 00 W z

05 O 0moooA

3.4.3
’ H @ A G @ a -
G A " p mnoo0 i ab i
Ne w 00i00 ~ w 0O~  u \ A i
& W " KFE o1 2 i N A
T Je R T TOewu A B @
TG bi-~ K F t 3¢ R T 0 A h
T “bab LA
T 1 K ¥ h z E” No 0m
i Y A
T h 000 k k-
K F F |h 7z NoA N ok F v
“ B 1 @ r a A T
O ¥ L h z N¢ by A V-
000 K F~ K F F [Eh 7z No
Yi ~ A
T ’ K F wa ah Z
Noy 1 A T # [ a -
K F i H TP [
Hkvb Ne [ Hky Ty T
z Aw T L - 0 PDTEMD u

33


























































































































https://arxiv.org/abs/1707.06347



https://arxiv.org/abs/2304.01305







	封面
	Title page
	原创性和授权使用声明
	摘要
	ABSTRACT
	目录
	插图和附表清单
	第1章 绪论
	1.1 研究背景及意义
	1.2 研究现状
	1.2.1 人机信任研究现状
	1.2.2 人-无人机协同方法研究现状
	1.2.3 研究现状总结

	1.3 研究内容与组织结构
	1.3.1 研究内容
	1.3.2 组织结构


	第2章 相关基础知识
	2.1 人机协同控制方式
	2.1.1 共享控制
	2.1.2 介入控制

	2.2 强化学习基础理论
	2.2.1 马尔可夫决策过程
	2.2.2 基于价值与基于策略的强化学习方法
	2.2.3 深度强化学习

	2.3 意图推理
	2.3.1 目标意图推理
	2.3.2 轨迹意图推理


	第3章 机器性能驱动的信任演化模型
	3.1 人机信任定义
	3.2 机器能力刻画
	3.2.1 机器性能表现
	3.2.2 客观机器能力
	3.2.3 主观机器能力

	3.3 人机信任演化模型
	3.3.1 信任演化模型
	3.3.2 模型理论分析
	3.3.3 模型参数估计方法

	3.4 人机信任模型验证
	3.4.1 任务场景描述
	3.4.2 机器性能表现与客观机器能力构建
	3.4.3 实验设置
	3.4.4 实验结果与分析

	3.5 本章小结

	第4章 融合信任的最小干预共享控制策略
	4.1 降落任务下机器能力构建
	4.1.1 任务评价指标
	4.1.2 机器性能表现
	4.1.3 客观机器能力

	4.2 基于深度强化学习的动作价值评估与候选动作集构造
	4.2.1 动作价值评估网络
	4.2.2 候选动作集构造

	4.3 信任驱动的最小干预仲裁机制
	4.3.1 信任约束动作集
	4.3.2 最小干预动作选择

	4.4 仿真实验与结果分析
	4.4.1 实验一：模拟人类实验
	4.4.2 实验二：真实受试者实验

	4.5 本章小结

	第5章 融合信任的人机协同轨迹规划方法
	5.1 问题描述
	5.2 搜索任务下机器能力构建
	5.2.1 任务评价指标
	5.2.2 机器性能表现
	5.2.3 客观机器能力

	5.3 意图引导的候选轨迹生成与选择
	5.3.1 运动基元树
	5.3.2 轨迹选择机制

	5.4 信任驱动的轨迹优化策略
	5.4.1 轨迹参数化表示
	5.4.2 代价函数设计
	5.4.3 自适应权重调节

	5.5 仿真实验与结果分析
	5.5.1 实验设置
	5.5.2 实验结果与分析

	5.6 本章小结

	第6章 总结与展望
	6.1 总结
	6.2 展望

	参考文献
	致谢
	在读期间取得的科研成果
	1.pdf
	封面
	Title page
	原创性和授权使用声明
	摘要
	ABSTRACT
	目录
	插图和附表清单
	第1章 绪论
	1.1 研究背景及意义
	1.2 研究现状
	1.2.1 人机信任研究现状
	1.2.2 人-无人机协同方法研究现状
	1.2.3 研究现状总结

	1.3 研究内容与组织结构
	1.3.1 研究内容
	1.3.2 组织结构


	第2章 相关基础知识
	2.1 人机协同控制方式
	2.1.1 共享控制
	2.1.2 介入控制

	2.2 强化学习基础理论
	2.2.1 马尔可夫决策过程
	2.2.2 基于价值与基于策略的强化学习方法
	2.2.3 深度强化学习

	2.3 意图推理
	2.3.1 目标意图推理
	2.3.2 轨迹意图推理


	第3章 机器性能驱动的信任演化模型
	3.1 人机信任定义
	3.2 机器能力刻画
	3.2.1 机器性能表现
	3.2.2 客观机器能力
	3.2.3 主观机器能力

	3.3 人机信任演化模型
	3.3.1 信任演化模型
	3.3.2 模型理论分析
	3.3.3 模型参数估计方法

	3.4 人机信任模型验证
	3.4.1 任务场景描述
	3.4.2 机器性能表现与客观机器能力构建
	3.4.3 实验设置
	3.4.4 实验结果与分析

	3.5 本章小结

	第4章 融合信任的最小干预共享控制策略
	4.1 降落任务下机器能力构建
	4.1.1 任务评价指标
	4.1.2 机器性能表现
	4.1.3 客观机器能力

	4.2 基于深度强化学习的动作价值评估与候选动作集构造
	4.2.1 动作价值评估网络
	4.2.2 候选动作集构造

	4.3 信任驱动的最小干预仲裁机制
	4.3.1 信任约束动作集
	4.3.2 最小干预动作选择

	4.4 仿真实验与结果分析
	4.4.1 实验一：模拟人类实验
	4.4.2 实验二：真实受试者实验

	4.5 本章小结

	第5章 融合信任的人机协同轨迹规划方法
	5.1 问题描述
	5.2 搜索任务下机器能力构建
	5.2.1 任务评价指标
	5.2.2 机器性能表现
	5.2.3 客观机器能力

	5.3 意图引导的候选轨迹生成与选择
	5.3.1 运动基元树
	5.3.2 轨迹选择机制

	5.4 信任驱动的轨迹优化策略
	5.4.1 轨迹参数化表示
	5.4.2 代价函数设计
	5.4.3 自适应权重调节

	5.5 仿真实验与结果分析
	5.5.1 实验设置
	5.5.2 实验结果与分析

	5.6 本章小结

	第6章 总结与展望
	6.1 总结
	6.2 展望

	参考文献
	致谢
	在读期间取得的科研成果


