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Abstract: With the rapid development of autonomous driving technology, the issue of vehicle control takeover has become a prominent
research topic. A car equipped with an assisted driving system cannot fully handle all driving scenarios. When the actual driving scenario
exceeds the operational design domain of the assisted system, human intervention is still required to control the vehicle and ensure the safe
completion of the driving task. Takeover performance is an extremely important metric for evaluating a driver’s performance during the
takeover process, which includes takeover reaction time and takeover quality. The takeover reaction time refers to the time from the
system’s takeover request to the driver’s control of the steering wheel. The length of the takeover response time not only reflects the
driver’s current state but also affects the subsequent handling of complex scenarios. Takeover quality refers to the quality of manual
vehicle operation by the driver after regaining control. This study, based on the CARLA driving simulator, constructs 6 typical driving
scenarios, simulates the vehicle control takeover process, and collects physiological signals and eye movement data from 31 drivers using a
multi-channel acquisition system. Based on the driver’s takeover performance, and regarding International standards, an objective takeover
performance evaluation metric is proposed, incorporating the driver’s takeover reaction time, maximum horizontal and vertical
accelerations, and minimum collision time, derived from multiple vehicle data. By combining driver data, vehicle data, and scenario data, a
deep neural network (DNN) model predicts takeover performance, while the SHAP model analyzes the impact of each feature, improving
the model’s interpretability and transparency. The experimental results show that the proposed DNN model outperforms traditional machine
learning methods in predicting takeover performance, achieving an accuracy of 92.2% and demonstrating good generalization. The SHAP
analysis reveals the impact of key features such as heart rate variability, driving experience, and minimum safe distance on the prediction
results. This research provides a theoretical and empirical foundation for the safety optimization and human-computer interaction design of
autonomous driving systems and is of great significance for improving the efficiency and safety of human-vehicle cooperation in
autonomous driving technology.

Key words: autonomous driving; takeover performance; deep neural network (DNN); interpretability; human-machine interface
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B bR, i UL A v o B2 T e R | 1 AT R S, R i R A A T P A, DA RIS N T, e
AN [A] (TTC) & A, 236 RAE I SR I HHE, A SRUG U B SN 1] 7, S KR DI E @ S KA AL
JE a, Ml /INREAR I 1] 7, 254525 FEAE A VPN $R AR R ST A E , 305 T SRR RS A 1) 3R 36 (1 7 i
SRR, BT A — G, Gt A3 B FER bR 0T B REIE, LLREFIZ N 30% Al 70% I A FE b5 (H
PERRI YT R, K BB X AT PO R B B R Sl 70 o 3 28 A5 RF. AN, B FbRifEanst 2 for.

K2 EGRONbRE

S0 E T TE X SRR y0 ] 225 SR
% 25<1,<35
B [ NI ] £, (s) PG SRR G BB Ik D1 R V3 4 TR B () R4F 1 <2.5 [22-25,28]
PN f>32
hFE  25<q <372
I RBE IR E a; (m/s?) 0 53 T2 2 B BUR AR R 1) 0 i K (E R AT a;<2.53 [44,45]

NES a;>3.72
7% 035<a,<1.36
RAFINEE a, (m/s?) 725 3 G 50 2 B B R O e e P e KAl R4f ay, <0.35 [44,45]
A a, > 1.36
A 121<1.<2.16
T /MBI 1] 2, (s) TR UATIZ SRS R N S BFRE R A gl ) R 4P te <121 [10,22]
A t.>2.16

3.2 EESHIIMER

T FRON A PR R B, AR 10 436 I 5 2 R AR Y (%) 0 I (] 25k 3 A A M, ASTIE A 5 A S Rl A R AL
L FFD IR B o 0 I 4 AL 1, R A SRR PR /N L R B LG FBE T B 7 vk TUASE Y Fr) i N 2K 22 A R S5 0 N 2 3
I7ULHEE, SR 58— BB RT — E A4 15 B IR T SR B W RHE I B X 2 T — 2, B2 ZH0 358
A

X PARTMAERY, & AN n R NRFE A X = (X, X, - Xa)s 3o x RAREE § NMRAFER, BT
RHE ) RN 5E 2 TR AR I AL PR 2 BB . A RLRE Ay N\ 17 255 0B R A 3 I 15 flv L SUAR N 15 2 RO (B A% s 2
JBZ by, B2 LA LR D IR E B AL B S 2 o, A3 BRI T R 45 2R, vt 507 S 2 5K ().

hy, = o-(w;xi +by) (€))]
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o,y ORGSRV IS ¢ DREETT, w, 5 RS ¢ DMPZTTR R B, by, A2 12 A28 0 X N ) fi B
{8, o() NEE R ARG 3 AKGEUZ, 2068 34, 21, 10 A ReLU #4876, EBURLR AL 5 T, A MR8
TSR R TN 45 R FUSR A SR A (R SRARL, {8 P DL A5 S 170 A 43 S0 ORI OB R (K M AL 2 £ A5
R 73 IR RE T7, HARALTTEMRE A 50 (2) M 3) THEAG .

loss = f 9,y ()
gze_nxaf(i;gh)’i) 3)

HA, 5, AT G R, y, AFERLER, £ APURRE, 0 AR S fid 2R BN THESER N 7K
(T BiF. — ). AR )RR 5 s, #4508 8:2 B LBl f 2 B H 45 o I Zrae fil ik 48, 1%
FH 3728 IR UE R B 247 VAL, Fodr 70% s F DO B3 AT I ZR, 10% BOECHE A LA 205 BAR Y AT 06
I, BT 10% FEH AE MK A LE MR B AR AL 1) 43 28 R 77 04T IR, ALY SR A F BEHLER B2 T B e A4k
Tk, VIR ) R BLE N 0.001, 3% 38 XA (cross-entropy) 7E AT 5% B A S FNE 5 B SHE 2 A R 22, LA/
W EA 32, LT 250 YOEARSE 15 AR LSRG I & . Sea0 45 RAE S 4.3 T RIR.

{
HE I
!
W ;
HURML BHEH
Bzt

KI5 g ol 45 7 )l 2R A

33 HESHER

AT IEIET SHAP B WG T HHGE AT, 96T W25 R0 Shapley 1016, EILULR R 1
B B B0 OB 17 ISR 052 2 BT A B FAR, SHAP A B8 51 B )
o RFEER 55, 55 MFER) Shapley (A FOXT B TUMNSS L1 FIPABR R, FEH 44 A 5 (4), 3%
S 49 TR0 L0 0 T L2 R, W R 15 TSV 4 4 A 2 T
FLTT 27, Shapley (I8 P45 HE T35, H 2 0K S 5 USSR e, T B 56 0 T,
J. 151/ A Shapley (19 9472 5L, PR3 T R5EAE AT RERORHIESE &0 1 VMR 8, TSR . A F
L T AR T
o) = 3 LS U= 5 @)

SCN\j

Forb, S RHIE T8RS, p NWRHEECE, N\jRERR T X, 240, BTARHERHRSIA G, £() R B T2 . i@
WS AEANRHIERT Shapley 18, SHAP J732 AT AR AR T4 AN RpAE A TR0 235 SR A0 R T2 B HY . 85 ) Shapley
TH RN IZAFAE XS T T 45 H I TTRRECR, BRI Shapley B R ZRFIEXS T TN 45 H 10 STBRE /. @S 4 FAE
HIER Shapley {5 H B AR AEAR 25 5 2R, 7T URT A A0 5 30 AN A AR X 03000 43 R ) I 1) B A7 1] S0
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FEGRUS AN RS AE QA S22 SR — 556 H AR, (6] SHAP AL AG LN A3, 38t SHAP 734, JAl 1A
SURENE VU3 HH R SRR M T 5 v B O P AT Tt B e 9 R, 3 TR N AR K SR ik 1) S 24k (A LA
WL, A B 32 Bk 2 G0 RO A 4 ) SR SR LR 22 A s AN S e i 2.

4 SRR

4.1 FHEEE

PR AEFAE 5 AN, TR0 AR HOAT B BN T 2 g5 (0 52 4 P DA R Tl B A N R A 0 25 3 B [ B 45
RO AR, DR, AR SE I U . S s . WU A . ERSDEE . O BB RS B 51 (E R AR
B NRFAE. AR S0 BT RAR (1 2 A SR AT BE TAL B 5, 43 T B 1-15 s B[R] 5 1 P 9 250808 T2 B A T8 9 250 m 4,
ARSI 432 N B SRR B R 18 8:2 10 B A 43 I I 2 e AR I i i, A P 458 BRI I
GRBAR AT I ZR AN S0 AIE, M B 3 S 2, 5 e K G B VR S A R A 2k e 0 AT 300 . AR I 2 K
BINFFEWER 3 Fios.

R3OMARHERRES MIE X

Hpm A B E
steer_angle ZERTT R AL W AR R
lateral acc M) fin 8 FE
R longitudinal _acc Y\1a) 0 JE FE
A brake T ZE B R O
throttle T B SUIER s i R
velocity HE
scenario By R
Y HdR person_num T ANHH
car_num ZEWiEH
y peak_amplitude UL FELJ8 T VAR i 5
- peak_num WU % 5
MRz HE eye_pos I R B
SDNN OBAE 5 ZERR A HAbRHE 72
L AL B RMSSD AR S SRR B3 22 B~ O R 3
SDSD LB AR SRR ] 22 18 1~ S5
driving_year AR IR RE AT B 1)
R is_ndrt S AT AR AR AT S5
driving_mileage B2 I HLFR
sex P51

4.2 EENFMNIEIRR EERE
5 AR AN P 25 A0, AHIE TSR v A R AN PR S AR T 4y 28 2 AR 5 AR HE, THE TV A = (5) AN
~i (6).
TP+TN

A =
T TPYTN+FP+FN ©)

2XPXR 2TP
Q1= = 6)
P+R 2TP+FP+FN

o, TP Fom IEFRNIEREA; FP ZoR R PR IEREA; FN R i iR U TREAS; TN o IET U SUHEA Ace
TR P A 4 T I P 85 SRAE I 45 SR e (1 A9 P 3R IE R TR0 LE AR A K B A9, F1 RS AR i L B 7 R e
R, BUEVEE 9 [0, 17, Forb, 1 ARFRAE Y ()40t i . 5 v O A A 3 SR AR TR A 22 ) RIOR EAR BT AE, RENS T HEf
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AW G0 ABFASR T — T35 50T 0 S s TR AT 45 140 37 31 ORI S OO A5 2 P B A 2, O T 3R IF %
HEZR IR St M, 7 B0 AR 7 1 St o, FRATTARE T LR 28 S L 28 2 o) SVROR A N S AL AT AR, 04
BEHLARAR (RF). K-FIr4h (KNN), FM3& DU (NB) A4 15 (LR). 763 B IEHE 7S 50, BEHLAR AR
BB RN 100, SN 10, #TEARFS NS B REG KNN BB, LR 73288 R1805 50804 K0 B —
B, ¥ E N 3; NB PR R E Y 1 AR SRR 45 R LA 4.3 75

SHAP BB —Fh R T2, HAPAN 2 B P IE MR — B0 MR R DA R St M AN T A 7 T L
1T 5, Shapley 18 -5RFAE 5 BIRERE IEAR IS, T AARIEREAE 25 B4 4 50 — 850tk s 3@ v S AN A0 X 0 &5 SR 1)
DURARE, SHAP 1520 it 65 S REAS 200 fy iy th, AN TR SR AT 2L F A 001k
43 IGLER
43,1 FET RS HE BOIR FE A4 0 £ 1 T S T AR 2 ) &5

T BRAE I A 1] B 45 T, FRATTE P AN 1-10 s PR\ B [ B 10 0 AR 2508 AT O, BRI 26 (0 i %1 S e
T R R I 20 A N D) T 10 501 P A 221, R A I 445 TR 20 e SR A HE B ). SR A PR R o 22 ) 4 A
A SEEHLARAR (RF). KT 4F (KNN), AN DU (NB). 3248 [H]JH (LR) 7£ 1-10 s IS A] 65 N A4 23 Sk 7l
REAY, LRSS TSR (R %, LA RIS 1) B R AAS RIS PR A s i) &5 SR LR 4.

TERH A& O A, B IR BB E B Y RE BB T, AR SLI0%E A IR 5 ) Bk B E R T4 %0
WUARS 2] U7 ik, SRBAAEXS T-IUA (MR8 T i 58 B sk .

9T S A A [ B T i P 22 308 3 0000 a0 N\ A9 40 T 4 TS 50 & SR () S ), FRATTHE Y IB) o 10K 115 s,
FE43 BIA H AT SR, 13 B IEMF AR E 6 fror. v LR B4 & KN 10 s A1 15 s I, HERR 55
992.22%. 88.68%. X (A G K BE KT 10 s B, B3k 230 RE ik B 89%, HARWAK, kR HiEe
VRIS (A AT 10 s N B 2 @B SR E NN C & B %, 9T Bkl 300E, MBI 2k K T 808 T S0 i i /iR 1
WHCA S IRET, YIZRfE 1k, VISR VIR BN 250 Y. IR, A CAIE F IO ) 3 10 10 s S A ER .

KA ASFI BT R ALAS S ) S R AR B

R 2 T 25
BIF%D () DNN RF  KNN  NB LR 08r
1 0.643 0743 0421 0322 0.345
2 0.684 0784 0483 0364 0367 061
3 0.715 0.789 0577 0382 0.397 g 04
4 0.708 0.812 0.682 0396  0.405
5 0732 0.809 0740 0402 0417 oal
6 0.817 0812 0802 0425 0421
7 0.834 0832 0.856 0440 0427 0| #ay s Tl St
8 0.851 0.844 0.865 0463 0432 0 2 4 6 8 10 12 14
9 0.897 0.854 0.871 0.456 0.438 I (] G (s)
10 0.922 0.863 0.896 0.452 0.448 K 6 Nﬂﬁj‘llﬂ%"ﬂ?*ﬁ@ﬁ{ﬂ@ﬁ%%

SRR 45 REAT I — 2D W7, e BT T SE R 5 RSE S R 2 A 257, HERWE 7 s, gt 4R
7, T VPG S B0, ALK SEPr BRI B AT R ) FON AL PIR (RIFELTE) BB TE 5 Ly
5.96%; HH I, K SEBRE I F5 AR R R ASHZE M B EL AR, A0 0.63%. X BERA, BEALZE TN h it 3L 1
41 GIANLETET NV LRGN, BN BN 4 B2 B POR O R B IS h). RE A
R 72, BRI B ) AT R ARIRYEFFAE R R /KT, TR 1 HAE VAN B8 U007 T O AR A P R m] S 4.

227 B I, B2 PR T AR BT P IR T S5 BRI  SSE F TR], S B8 SRR SN R PR 1 2 ) SRS R HE
V61 2 i AR G R ) B AR R 2 — . AR ) T P HE PRI (8] 04 1.02 ms, AN [R) 7 i HOHERE IR 8] 415 8 e
7. AE LA R rh R I Bk A AE B A IBI Srh 1 R R 1] 2909 0.683 3 s MAHEIR R0 B, ARSI T
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F AR r B I SRR IS [R) A O 2RI, L0 B 0 B o, R A 2 BB 7 1R AR ALk e 92 2 TSk 1T ) 2t D 1 45
EYERE, BBV H BB A R E S

;
Kotk 522%  0.74% 08 61
~ 5 i
E 06 :
S 1123% EERISA o= 4r
= = 3t
hEE 063%  1.28% [T 02 2 -
n 1.00 : 1.02
A Raf 5 0 I I L
Predicted label RF KNN NB LR Ours
Bl 7 IFEE I 10 s PRSP0 45 R 5 L 2 1] 8  ANIFITT AR HERLI [0 b

F1 968 ¥ R

432 BB R

9T WEMZLINZ AR, TR SLHG 50— 2 A B 1 W 2655, 8 S 5 RS O MR A 0
S, AP BUROIZ AL ERERT T 1 HOBRE. PR 35 5% 0% B IR S B B O A B 17 V1 5, 5L IR
SR 0 T SR S SR HEAT IR, SR LR 5. DSURIL, 4 B OIS T3 HF A R0 I8
HEAT FUMN , JCLE AR 135 5T 0 B S 9L v, 4T, 45 C S T BB 35 5% MO BE B 90
B, YR B R, W R T 50%-70%, FHIMERIH A 55%-61%. iX—KIL SR ik 6 F7F FHRN
G A MO VI 1 O R AP K TR, J5 15 2 e (R 5 92%, 19 8 T BB Z AL iE 110
.

Bs BRI B S

AP SIS e TRe S1 S2 S3 S4 S5 S6 Average
S1 1.000 0.532 0.518 0.552 0.612 0.598 0.562
S2 0.546 1.000 0.572 0.562 0.608 0.584 0.574
S3 0.574 0.523 1.000 0.514 0.569 0.605 0.557
S4 0.602 0.537 0.626 1.000 0.592 0.671 0.606
S5 0.632 0.561 0.517 0.623 1.000 0.552 0.577
S6 0.613 0.547 0.608 0.658 0.637 1.000 0.613

R B — s | SRR RS 7 15 37 s T I VR A 22 P R B, (R OR KR T — B AR I Bl 1, R BRI
FIR R BRARET FEoR e AR AL MR, Bl T 6 Bl s s Y11 25 i s AR 2R Fe S L T e R R e T
fit, REfE A RN A 37 57 1) R, AR TR0 25 35 R 7E 2 FEAL IR N I3 R I, AT A J1ER T 23 5 80E &
o T HR AR R 36 FH A A TR ) R A
433  [EARRIEXS AR R TR 45 S i AR

9T RN HTAS [R5 B RS A ), 3RATTA 8 7 — AN A DeepShap J9i% 0 ) SHAP AL fRREAS, I H
AR 43 BT A [R] R ALE R 48 22 ) 4 T &5 SR ) s M R B . A SRR 4 R 008 A 30 2 A B 2, VRS B AN REAE 75 Tl
Sh S ok, FAROR U, FRATE FH AL 3 S I 2 S HUR AR AN, 8 THE AN RFIE R Shapley {H, REAL
S A 2R T 45 S 1) 5 T R . I R T VAN RE R B 2R Y SR R 1A WA T, O R A B A T 3L AR O AL A T A Y
R B SRR, AT N 3 — D R AR TSR (i 4 5 @ ik iX PP AN B 34, AT RE 0% B 47 AR RN SO A R 1
e, AL SRR R A5 SR AN 9 B, Hod class 1. class 2+ class 3 23 % MRS SUCAME. BRI, 55,
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SDNN
driving_mileage
min_ttc

SDSD

is_ndrt

car_num
RMSSD
eye_pos
longitudinal_acc
driving_year
person_num
scenario

lateral acc

peak num

sex
peak_amplitude
velocity

throttle Il class |

brake I class 2

steer_angle Bl class 3
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Mean(|]SHAP value|) (average impact on model output magnitude)
B9 AN[EVRFAE S i e 5 R A EE

SHAP Z3- #4887, of i1 25 o) 266 A5 284 T30 00 422 285 4 a8 el 9 35 1) 8 KRR IEAR I )9 /0o BR 78 SR P HR RR TR 1)
PRfEZE . 2 R R R (LB, BOREBM RN 2 aE . LR T RR I TR T7
B PATIEZ BT S AR, B BEERERE. 5 — RO R AT bx [ A2 1) )y
*EJFi’J{Eu/EZ O AR A . HRT S, RR TA) bR v 22 06 ) B2 SO AR RS T RO T B2 i G A 58 1

25 T L D) . 35 S T Sk A S A I BT A I TN, e /) Al e B S A ) E A R R R SRR IR 2L el AT
T, Eﬁ%ﬁixﬂﬁﬁf A 1 L DA HE TR I oG .

P, BRTE 30 A8 B R G S B ATE g 4% b, N A BRI 10 s B F1T PN 25 3 510 LTS B RFAIE

BIShAS I RS04 T 30 1R) e /N 22 4 AV BE (R BB VA, AR FRERIB R B 0 BZR IR EE X . M E S B I RG R H 2
EE R Z B, 5 BT 2 i 53 M AR S AR T2 A B, ISR B SR I ZE R T, DA oy B e 4 Rkt
T, TR ORI 03 R T8 22 4

5 B 4

30725 S AR o 72 B O3 B A A 2 AT AMLAE ELAU ) — K R, R A T 2 S b TR U iR
A7 TR 5 B G I ) A R IR B4 R, FFE 22118 R LR 5 ST EAR SR INAE B R = A SC I AL, (RAC
FFAESLHE A EEAT T B IR IR R . 04T 55 A B 30 25 Bl B S 307 s B — 1R 1) i) R, ASHIE A St 03 28
I K bR i, *’JLT 6 M F R R R, DR SR SR 2R X 6 AN MU S g 5 R Gibik
BT BN REREIEPN AR, QAR TYRER. ABES. EWaSHE KRB GEEE, &
1E AT M - TS 214 E 212 3 (conditional autonomous driving) #0 F LR Gk, 454 I Prbr R HT ABF

T, P T — R B 2R A SR AT B s S ) (B B SO B v

FEVEFEAL b, ASHEFHR T — PR T w0 22 X 2 1) TR R, 2 AR AL B AT O G Bk 2 S, M IR
STHIBRORTHRE, X 25 3 5% i B8 S R AT RE A . DG ON B2, FRATANL IR T AR B fg 4 22 15 00 1k B O 4R 7T
ik — A TR 132 A e 7. G SR F B — 3 S (R I SR SR T LA R 037 R R =, AT B IE
TR RYLE TR 37 s o 438 B 1 RS 12k

BEAR, T SRR AR R MR B B, AR FCSIN T SHAP B HEAT R AE 8 1 43 i SHAP A5 7IE T Z5 18
JRER, SR FUMARRAE SR AL T 5 AL TRk B VA, TEMT B T Wb SRR 1E TN 828 SR R A T OB E . X — 3R
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WA LT TR AT A FE, 3 9 P 1 B2 B 1 R rp OGS RS R B AR B T S IR L, AR SR B AL AL
Bt A s S BRGSO T ISR LIS SRS,
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