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Abstract

Level 3 autonomous driving effectively reduces the number of accidents by reducing driver involve-
ment in driving activities. When the automated driving system exceeds its limited range, the system
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sends a takeover request (TOR) to remind the driver to take over the vehicle in time. Existing re-
search on takeover requests focuses on perspectives such as visual, auditory, haptic, or multimodal
takeover request modalities, with less research on specific takeover request contents. As a comple-
mentary approach, this study aimed to investigate the effects of audible-based hierarchical alerts
on takeover performance and drivers’ raw and psychological loads under different driving environ-
ments and TOR lead times. A total of 40 subjects were recruited, each of whom experienced 18 take-
over events in a driving simulator. The results showed that graded alerts significantly affected driv-
ers’ physiological and psychological loads, with higher alert levels resulting in higher physiological
and psychological loads; TORIt significantly affected takeover time, with longer TORIt resulting in
shorter takeover time and better takeover performance; and the driving environment significantly
affected takeover time, with the more complex driving environment resulting in longer takeover
time, but poorer drivers’ driving performance. Under 5 s TORIt, the higher the alertlevel, the shorter
the driver’s takeover time; under 7 s TORIt, the lower the alert level, the shorter the driver’s takeo-
ver time. This suggests that, within a certain range, different alert levels are applicable to different
TORI, i.e., under a specific TORIt, the corresponding alert helps the driver to take over the vehicle
quickly. These findings may help to inform autonomous driving safety design and future driving
research.
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Figure 1. Driving simulators and driving scenarios
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Figure 2. Takeover process
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BIZVBER, AL, TR BRI IR E, DU BRI AN B B SR RIORN . R
WA R SR, SRR, (62 A AR, R R T SR, D)
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FUIRILS NASATLX FIB[73], BUFHEATARE, (R0 KA TR A B BRI 905
UG SR AR AT ECR R 1 DI RAE, I IERAAEN. SCHo KL R A B

27. BRGIT S5

AR Kolmogorov-Smirnov #8556 K PEAL E0dE HIIEZA M, ] Levene #6536 kA5 56 77 2 1O IR 5 14,
FEAE 7 2 43 T (ANOVA) A1 55 J5 43 BT SR 36 UE 73 25 2 3 70 AN 7] 1) 725 T AR 453 042 859035 SR B2 i T A 185 00 1 %
H BB s 22 52 . M p [N & i I i & (p < 0.05). IBM SPSS Statistics 26 T3
N e el ) TR SR N s

AT TR FH 22 T2 R VA RS Y SO0 B ) 8], IR B T SR E A T IA) . 2 IR A B AE N E
Af e, PR R ME 5 O e G s R 2 B AT TR A TR) BRER R ) 3h B ROHE I s AT AR 10% T 7 A
() PR e A RO B 8] o ASHF SO AR I N 0, FESN T IR BL AT R EA t, BR R §l S EEAR T 75 05 TN o,
IR e 4258 B ) Ay -

w=min(t,t,);
R, 2Rk mEA R WA
O(X)=By+ B X+ By Ko+ By Xg + € ;
Hdr, N p AT R TRINE -, ¢ NBENLIRZET . @it 2ot B A0, BEAL T R N A T 05 R, T
TFAS RS 50 R I 8], AT T RS TR 25 B PR S T 0 e 4R 1 8015 10 R 80 1 SR T A If [A] o J8
XA REIBT TS, T LAV 28 1 M % A0 B o 42 45 I 1) P 5 i
3. &R

ARG BT TAE A S B REEEART, ANIE TORIt R AS [R5 P e Hont 4245 1 e AN 25 i 03 2 18 £ A
I o ACHIE FEA 25 TR S B DA 25 Bk SRR B I R v OB PR RE TR &% P 2R B S Rl 25 3
EE IR P AR B AR A 7 RESE B Lo R A S P A F TR A5 5 O AR 4K

3.1. NASA-TLX 558

N T VRS AS RV E SR AL IR 00 T 320l RN TAE R S A, NASA-TLX #H T orli &A%
A5 e W1 18] 32 il I AR R [73]0 RATTRHA 1 2RI T3 Z 0 W oRIIE 2 4Lk AF 2 M R ROR 22 53
BRITE , TZE KT (p (E) AR KN () I TT Z 0 M af SRR, 105 SR 4R A 4 (F = 4.888, p = 0.008, #?
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= 0.019) #1125 A8 (F = 97.319, p < 0.001, 72 = 0.162) & E 52 5238 10 £ W TAE S 4o A o &
M LAE SR P4y TG v RE R, 7 B SEE W RISAT I AR BAE . b4, FRATK
WA Rt D2 (00 5 2O 0 BT 40 N PR R B8, I RSB K (p B RS /N () PRAS T3 THIEEAT T
3T R IR, 18 80 km/h (BRI A, FRAR 73 AR 32 AR 47 uf VF 3 V8 A 2 2 5 (p = 0.283),
(R SR AT HA AN 29 SR -5 H45 VE SRAR AT 2 181 19 22 ELAE FH (p = 0.035) % F= W AR 5 A PP o0 A i 3%
(L2 1),

Table 1. Subjective workload analysis
F 1 ENTIERTSH

Subjective load

50 km/h 80 km/h
Source
F 72 p-Value F n? p-Value
Level 1.078 0.013 0.359 1.276 0.015 0.283
TORIt 5.388 0.041 0.005" 4.229 0.032 0.016"
LxT 0.831 0.019 0.547 3.452 0.025 0.035"

*p <0.05, "p < 0.01.

Hig o4 R E R, 5sTORI A1 6sTORIt 5 65 TORIt A1 7s TORIt /2 55 Al 7 s TORIt 2 [8] {2 7 13
HASH 53 X (p = 0.0281. 0.0306 F1 0.0022). TEffAMEAKF I, MRIEZEWIABEHIAE, 071718 B 1)
T8 T KT B T B R A . 2500 BALE 5's TORIE B W04 4 75 T 6 s TORIt A1 7 s TORI i (1)
F M AR A VF 5 (L 3) o

20 - Hl 50kn/h ; ok N B
[ ] 80km/h

—
e}
1
>»
%]

—
o
1

—
=~
1

—
)
1

Subjective Load
>
1
Subjective Load
=
1

T 0 -

Figure 3. Subjective workload (bars indicate mean and SD)

3. EMTIES Tor (R B R/ FH{EF0 SD)

3.2. BEERE

J7 TR AT ULE H, A J R (F = 4.812, 52 = 0.019, p = 0.009), “53¥FE55(F = 45.197, 2 = 0.082,
p < 0.001)FHEEH KIZHTWI(F = 48.432, #2 = 0.157, p = 0.0027) W 7 IS [ SN SB35 . 0 B RN
SRAHTH 2 [](F = 52.130, 5% = 0.157, p < 0.00L)AFFEAS FLAEF, (R 2 BEA 5 5 43 S B4R A H 175 SR 2 i 39
Z A& A RIH B 2).

DOI: 10.12677/0rf.2025.151049 542 18 %5 S 2


https://doi.org/10.12677/orf.2025.151049

vl

Table 2. Analysis of variance for time to take over
2. BMEMNEEESH

Takeover Time

Source Driving Conditions Level TORIt LxT
F 45.197 4.812 48.432 52.130
7 0.180 0.019 0.157 0.157

p-Value <0.001"" 0.009™ 0.0027* <0.001""

*p <0.05, *p <0.01, ™ p < 0.001.

RIEANF 2 I 5, 25500 57 B 9% 7F 80 km/h (M = 1.610 s, SD = 0.194) i T 50 km/h (M = 2.382
s, SD = 0.273). mREIRAE 5 s TORIt FIIEHL M HE I A5 (M = 1.783 s, SD = 0.446), {REEARIET s
TORIt 56 R I Al (M = 2.174 s, SD = 0.430) (WL1E 4). EERIE, & B E RIERT I
FEAIC, B (A OARE 22 MAE FRAIC, 25 0k 0 e S Bt T — 3.

307 B 50kn/h 307 B 5
I 80km/h B s
2.5 2.5 [ J7s
£2.07 2.0
o o
& &
El g T
C 1.5 S15
o o
[0} [0}
) e
= 1.0 = 1.0
0.5 0.5
0.0- 0.0~ T
50km/h 80km/h 5s 6s Ts

Figure 4. Takeover times in different driving environments (bars indicate mean and SD)
E 4. NEIZBWIME T HEERE(EFERRTHET SD)

3.3. G

ZAHIF 5% 356 356 0 Bk 1) 4747 4 22 (Standard Deviation of NN interval, SDNN)E N0 R AZ K /3 T 48 5. 7
T A RN, BT SDNN I H 35 7 5 (F = 3.637, p=0.003, #2 = 0.4463), L& 1 R #E &I
%} SDNN A & 52 mi(F = 7.321, p = 0.013, #? = 0.417), 23R8t SDNN B4 & #m(F = 5.171, p =
0.0014, #? = 0.4906), {HZ, 78RS HE 1 SRk £ I R F0 25 BEEA R 2 ) A8 HAEH (p = 0.361, 0.479,
0.148). FAITH SDNN ) 3= US55 A 73 AT A A B IAEE, 4558 W], 7£ 80 km/h A B3RS, BRI
ZAfonr SDNN [RFZ A S 2 (p = 0.283), (HELAE TG RIEHTIAMI R 22 (p = 0.016), H &R S5HEE
SRAE AT 2 A7 LEAE HAF F (p = 0.035) (ML 3).

FERER KT E, 255 51 80 km/h 558 ) SDNN (M = 174.670 ms, SD = 18.689) 7T~ 50 km/h 5 T
ff) SDNN (M = 199.908 ms, SD = 31.954) (IL[%] 5). 7E 50 km/h (23R8 T, 5 TORIt 1, =T
") SDNN (M = 255.975 ms, SD = 0.205) KT H1 2 B4 (M = 207.937 ms, SD = 0.217) FIEK K 4% (M = 165.037
ms, SD = 0.201); 7£ 6 ) TORIt ', =2 N1 SDNN (M = 221.063 ms, SD = 0.198) KT 1 4 &4 (M =
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207.937 ms, SD = 0.217) FME&ZLZH(M = 165.037 ms, SD = 0.201); 7 s TORIt 1, K4 (M = 202.044
ms, SD = 0.273)k T JE 444K T 11 SDNN (M = 176.006 ms, SD = 0.176), /T EiZ43H (M = 230.056 ms,
SD = 0.231) (LK 5).

Table 3. ANOVA of SDNN in different driving environments
7 3. TEIBYIFET SDNN BIGES I

Standard Deviation of NN interval

50 km/h 80 km/h
Source
F n? p-Value F 7> p-Value
Level 1.078 0.013 0.359 1.276 0.015 0.283
TORIt 5.388 0.041 0.005" 4.229 0.032 0.016"
LxT 0.831 0.019 0.547 3.452 0.025 0.035"
*p <0.05; "p <0.01.
3007 B 50k 3007 I
1 I 80kn/h B oA
250 250 [ 1nA
T o
2007 200 1 ]
g B
Z 1501 = 150
= Z
a 2
100 100
50 = 50 =
0- 0- T T T
50km/h 80km/h 5s 5s 5s 6s 6s 6s Ts Ts Ts

Figure 5. SDNN in different driving environments (bars show Mean and SD)
& 5. AEZHIAE T SDNN (£FE R R Mean #1 SD)

3.4. ILIRGT

0 FEL LA VA 2 T B Y R, S B ATE I R 0 B B B il R B e AR DT, B R
I 5L R 5 I Ol B RTATS AR AT B AS  o AHIE TE A i H S 23 B LA T 70 R R R 5 T PR B ) 7 T
SR, 5 A R, 2R (F = 16.387,p=0.003, 2= 0.021). 48 1E R E& I A] (F = 12.766,
p = 0.005, #2 = 0.017) M5 BEFA4E(F = 45.71, p < 0.001, 72 = 0.058) K} 5 W 55 45 B E M. /> & S
7 SR Ve A% B T 22 ) PR 22 EL AR P ) 25 B i 575 45 IH SR 52 (F = 5.57, p = 0.0031, #2 = 0.387). {H/&, 3L
O3 AR RN 1 SR Ve % B 1) 2 (A% A AE HAEFH (p = 0.07) 0 Z4AHI 0K 73 S RN F2 45175 SR v 4 ) 17 43
DR BRI, R I AR (F = 8.224, p = 0.007, 52 = 0.442)F145 1% 3K e 4 I 8] (F = 18.056, p <
0.001, #? = 0.388) .35 52 | 50 km/h 25BN (2 G5 57, I HL 73 G BN 0 135 SR v £ I ] 22 ] 7
ERZHAEH . ARSI T W95 57 70 b W& 4.
%F’%ﬁi@ﬂﬂ ER P8 e R i 0 S 4 5 v A R i 0 e 4 2 T] P 2 B 5 PO A1 W 3 72 37 (p = 0.03,
0.012). IXIESL2 3 756 JR AR R A T i @ Nt . 7E 80 km/h B, 7 R 5 B2 A5 17 SR v % IF [) 2 ) 1)
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28 HAF A2 (p = 0.809, 0.290, 0.635).

Table 4. ANOVA for fatigue in different driving environments
=4 TEERIFETHESHEST

(a+0)p
50 km/h 80 km/h
Source
F A p-Value F A p-Value
Level 8.224 0.442 0.007*" 0.059 0.022 0.809
TORIt 18.056 0.388 <0.001™* 1.150 0.165 0.290
LxT 6.566 0.279 0.012" 0.299 0.079 0.635

*p <0.05, "p <0.01, ™ p < 0.001.

3.5. BT 24 E YRR pYIEE R 5

N T HAEEATE LR, AWASZ 1 Gold FA[16]RIWFFL, i/ LVA A, B RATE
I 18] A1 23 i 9 H AR R R S [ AR o Dy 1 BE G S ST 7E 70 S0 H A A T SR B BT I TR AR 155 150 B &%
SRR B I (8] R, A FOR 2 AR (O B B, R SR GO0 e OV E R 4, OF
W &R RHRNRES T E ., RYER RSN 5,

Table 5. Linear regression model solution process
72 5. LMt EIAREK RIS 2

Variable Coefficient Std. Error t-value p-value
Intercept 2.631 0.186 14.133 <0.001
Driving conditions —-0.026 0.036 -83.212 <0.001
level 0.001 0.008 -0.739 0.460
TORIt 0.195 0.006 34.387 <0.001
R? 0.938

Note: Dependent variable = Takeover Time (s); "p < 0.05; *p < 0.01.

DRI, - P ] UL B 42 I I T A R Oy
®=2.631-0.026-x, +0.001-x, +0.195- X, ;

b xg JEBIRE, xo NONGEIRGR, xs NS RAER . WA 5 LB L, WS,
SR B VS SR T N DA SR, BRI 1) RS B 2R RE AT, BB R2 (4 0.938, iX
BURE B 2AME « 40 S EAR A 1 SR 7 B I 1) AT DA AR B2 1 SR A B AL S AL 93.8%. MELEEL() F 4%
W, EIIREIHE I R T R M SR, WA E U, (I I A 2 1 2 D R A 18
I IE] o 40 Gt e ) 5 S B, T VRS o v 4% ) 5 0 I 1) 2 3 TE
4. ¥+1ig

AT I E TR T 40 G HROR B4 175 R 35 B A 7E RS () 25 B PR 58 N % 1 3028 B e 1 B o Sk vt 28
B 5RO FRAERR S I R AT, TRATTAT LA T AR B AR R B i R R A R, R B
DL 43 2 AR o A Sk () B

>

B
2
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4.1, SrRERIHEEREAIR M

AR TOR BIHLE, 250 01 75 BEAEHEVE RS f5 , A& B IS, JE0T BT . ST,
7 50 km/h (2B IREE R, 2500 B3 BRI 1A) 75 1 80 km/h, 3 AT B (R DA 25 I 7 75 B4 4 4 B e 1) %
RS TEB M AT N, FEOOUT S S8 IR [74]

RERAEAF S WA RIE T —5, X5 Du A [75/MFF R IEAHME, XrTRem TirE
(2R SBUNTER K2R, (RS AT 2 0 — e R 15, 7R AR5 N T B Re S E 47 [75].
S REARAE N B G PR SRR I S, AR R R T MR I S, R gin R
TEAE TR, BIEEILI AT Z 3 A KRB, X B2 00 F ZhBe 0% 35 Bh A2 2] S i
(1) H AR AR 1 R X e -4 [76]-[ 78] »

TP 9 5 D42 5 I [ 8 e 58 RNV SRAR AT IA M A2 A i 284k, 5 s TORIE AL T, e ZUE RO
(I (B B s 6 S TORIt B LU T, HUEAR d X B B I (A 5 s 7 s TORIt IO R, R E IR
o N (R I H] ¢ %5, 3X 5 Hong and Yang [27]. Huang and Pitts [22] B4 2 Ou 25 A [15] I 98 4516 — B4,
X AT REAE T S AL Sa PR [ 79135 Bh 2 3 3 58 Wi r F T HE R KA, I SRR )RR e T E A
[80] 0 AR SCE— 2520 #T 1 W it A S MR VR F, T LUK IR 24 Fir B 1) 5% M AR 8 i i 5 4 i — 52 A 0 BRORE U
St 2 DA — M2 i 77 2R 20 25 s 573 ) T B A L R W 4 o IRV E N B S R R i TS,
250 W SR TE B DL S8 R P AEAR/ N I, B ORI A CTIRMTSS T IR R B EE,
HK2i[81].

4.2. HEERFTEIE SRR

O Bk 18] 147 74 2% (Standard Deviation of NN interval, SDNN)& — 2500 R A8 R Ve FE 4R, %4845 7] DUk
W2 O N AE R AR b RR GO B 115 1) B SRR B, 45 228 T N 0 36 0 SR ) LI B ) 5 3 L R 0 1 T I
FEBEOELE ) BT, 22530 SDNN iz R R, 76 5s TORIt BIEHL T, 250 51 SDNN L 7s TORIt
ML T AR, X5 Kerautret % A\ [S1]MHF L 45 RAHIR . TORIt SRAT, 725 B O3 8245 1 R ) 16 08k K,
SIA MR, P TR K. BRI TORIt BR L, #2787 W 1A (9 TAE S f koK, X 53U 1Sk 46 18— 5
[16]-

1E 5s TORIt 1, g8 ARAE SDNN (R IR, 1X R i JUCE AR AE S B 2 b O3 PROd R 11 o A
DU AR RN, A Gk T /NP0 ), EL AR OB IR ZNE, X B R R 2
6 H AT AR R R R SR B /N 73]. fE 6STORIt 1, STAEMIARE, WA SDNN EEI K
Uf, PEARIKZ, TETSTORItH, [FIFEHIL T X PR . Gl L AR T R i a], B FEiAA
g ATE 7y SEAR RN AE BT 55 e 4 b I T BRI R 45ARAN” [18]6

4.3, FRERINLIB SRR

FEHH AR AR A — IUE 350 R IN A BR A A5 B AR B RE 0 MR o 3 3 (ARG o 048 2 S T 25 35 B3 3> TS
WIRMRES ), TG SR 2 4x . AWETURIL, OB B35 2 Bk 0 (BT, R E R IR
AR S SN 5 5K o IX R I Blumenthal [73]HIRTF 45 R — 8. 5 RARBEMRA L, mRER
2 T B R O B A, X M e R R R A AT e B 2 Tl B AR AN AR B [74] . 5 BUBIA
RIUEARIFA 2R/ 2 Bk RGN TAR R, XA RE R T 2 3 e i R h IR AT O 5
ME BB, X5 Yao 25 N[82] (I 7o 45 —5. 78 50 km/h (IR Z< 2 0IRET T, 25 B 53 (9% 57 IR 1oL 5 7™
H, XA RE A T AR R R s BV AR A A RO LR U SSEAE B, X Du 55 N [B3]HIHT
FLEE R —H
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4.4. PREVFIAREI(E

AWFFA U RBRYE. &5, ASCRERIN A R ORI SE R 2 B A8 8 S0 S AT BLIDL 8 S
TR . N TR SZIRE e U T, AU S THERNMEANZ S . £5JEP i, L&
Y RZAE WEREE, JHE B INE 2 IER R, ESRaURERASARE. Ah, fRER
FOVF, B LOE LB K HARE MK SR E, A RN, D7 BN B R AR E .

HR, N T O BAE B, SO AT FU S RS A SCIREEAT TR, 320t TR N e i e
e FF 2 T 3o B A BHAACHRR P IS R 142 B 3 A B A AT RN RN AT R 5 R o O T I 1B A BRI P 5SRO
ARSAN T o v A R PRI A 9B T3S R, R SR T 9 T ANSCAR B 2 f AR BRAE S5 Bl IR BRiz s
s WS EIRAEERESE, DB RREmT FL 4l

e, ASCEAEMIND FEARNS 2 3 03RS (5, DN T 2 O3 R I R S AR B S
I AR A B S A A AR B B AR B AR, S ECE N HEAT 0T BB BRI, AR T )
FEARAEA RIS OUT 2Bk G M, RN L BRI E DLREAT T . AEARRIBE T, AT EL
A FAPLER 2 2 S5 ST U AR B AR bR 5 B R Fn 2 [ A S, WA 25 T0U i A < ] B8 AT 5 AP DRIk
DA S 2 B AR Y

5. B4

AT T TTRAE TP TR B BIAEET, 70 JUOE R R SR A I R 25 3 53 4278 P
MM . WETCAS KRB, EAF R E TR RRATIIN, DHERG T %Aﬁﬁﬁmm&f%L
AR G, AR E R LD BB G A B . AR TSR AT REIE ] TR S B A BB ARG AN
R HFM T, R BN E R SR R AT SN B AR, JERE T EEAT N HE AR
ERRARE VTR LBt B IEN FHER ARG REA —E NS E A,

SE
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