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Abstract : Tele-operated driving technology for autonomous mobility enables bypass response operation in the event of
system failure from the perspective of autonomous driving fail-safety, and can also be applied from the perspective of user
convenience. This paper introduces a methodology that is easy to operate even under communication delays, which is one of
the major limitations of tele-operated driving technology for autonomous mobility, even in an LTE environment where
communication configuration is relatively inexpensive compared to 5G communication. To overcome communication delay,
this paper is also proposing a mobility driving path prediction and a target driving path visualization algorithm to ensure
stable mobility operation. Furthermore, this paper suggests using a target path point transmission/reception-based steering
compensation algorithm that considers communication delay. The performance of the proposed algorithm was evaluated in a
real-time human-in-the-loop simulation environment.
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Nomenclature AL F3 QYo 929 2 EE JF R A
L : distance between front axle and rear axle, m A7) 225ele] FegslE v]so|vh AHEFT 2
L, : distance between front bumper and rear axle, m ZlEle] A A F8 V|ES AEF kA
2] : driver steering wheel angle, rad (Fail-safety) T A Al 2=8] 317l §-3] o)-g =2FE
N, : motion ratio of steering system, - 7FsstA & = 3l 7o, o184 Hel BN E
v, : longitudinal velocity, m/s &4 f": AE 7lEolth _
7, : uplink delay, sec AHgs 2l el o] AT B /o] ghielA o] F
7 : downlink delay, sec oA HA U7 A 73 7] &2 T8 FAH F s

A AEE S5 s T R B V)= L =3
ikt o] FoI A AL Qlek. A AE oA 2HEe] Hlo]

L. A& B 4241 A AA) 7S Downlink delay, 34 A1E] | 4] 2}
H2 A 5=3Y(Tele-operated Driving, ToD)&F ©]5 & 52 Ao HE T FATE i LeFHE AAAIE

T : time headway, sec
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Fig. 1 Overall block diagram of the proposed algorithm
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Fig. 2 Time delay concept of tele-operated driving time line
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Fig. 4 Target point uplink delay correction
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Fig. 6 Concept of the predicted path visualization with line
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(b) Visualized predicted path : left turn

(c) Visualized predicted path : straight

Fig. 13 Predicted path visualization in CarMaker simulation
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2018. 08. 16

2021. 11. 08

2019. 04. 22

th | & | W | k2

2019. 01. 17

Driver
input
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Fig. 14 Block diagram for performance evaluation
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Fig. 15 Setup of camera (from CarMaker)

Table 2 Scenario 1 performance evaluation results

Mobility
Dasired path point Uplink control input
Caleulation algorithm delay .

HAslelith. FAAEL Ak S T3 A= A7
3} 917 A &are]F(Predicted Visualized Tele-Operated
Driving, PVToD)¢] A% A.}2] 2 (w/ PVToD)E 3
s e A BT o R | T ‘?zhﬁ!l" u] 28 AL}
2] 2(wio PVToD)7} 3 H 1 en A5 7lel kA Zh
AU e AFTaS 13] AAlEivk dsH 7t 7R
59 +HUE FH5 A1 3L o}l Table 17} o).

Ay e A=A 7= Driver 19] 53] Hlo|HE

g EE B8k, BEE 44| 9 diojHE £2

Aol 434S AT 3t

32 AR 1 : 2 BE £ 2P RA|

Fig. 162 PVIoD 2318|159 3 74 5 &<
8l 7] 5= 50 kmhE 2 A7 F T8 A2

< 718k

Table 2= 54 2] A& Z7EAbe] dlo]gelt). Hlo]E 9]
o ARE ghetslr] 918)] = AK Standard deviation,
STD)E AR-3low, 2|9 tistgks ¢47] S8l Ha
(Average, AVG) 2 AF&3lo] HlolH= AZFAow F313)
th 2Hd B F 2 A Ay 0014 PVToD7}| 48
50 v BE AR} AR o3} EEAAL AAFE
eleisith. A2 eapt 20150 Ba S TV
A2 F8 AN SR B A B3, 8 4S5
Az} 2% 8 7= 9 Z4Eee] EF9APF gatelFol
289 Z-97F gaelso] A-8H A %S W v
A 242 gh& Bolm F3) b Al o] E1E AT

33 AU 2 : G4 oIS Im|Ey

PVToD 2aie]&o] E/3sk S8 A5571=E 95
40 m tA 9] FE A Fol & 3y Al 27t L=
o1, Figs. 21 ~25% 7} A7-E HojFr)

Divisi Do 1 2 3 4 5 AVG
Vision PV
wio 1.3335 0.9266 0.9633 0.7730 0.5313 0.91
Path error STD [m]
w/ 0.2665 0.1639 0.1806 0.1329 0.3973 023
wilo 9.9495 8.2889 7.9598 3.7672 10.7593 8.14
Yaw rate STD [deg/s]
w/ 2.2286 2.7549 2.7083 2.5303 8.3958 3.72
wlo 452984 445785 53.3752 542645 44,0598 4832
Speed AVG [km/h]
w 60.9100 54,4616 56.9852 554189 44,9496 54.55
Steering wheel angle wio 44.1559 35.5453 30.4155 15.2500 424557 33.56
STD [deg] wi 8.8477 10.9895 10.8920 10.2467 32,7576 14.75
Steering wheel angular wlo 0.0809 0.0704 0.0663 0.0344 0.0756 0.07
velocity STD [deg/s] w 0.0137 0.0245 0.0220 0.0246 0.0183 0.02
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Table 3 Scenario 2 performance evaluation results

Division oy Preies 1 2 3 4 5 AVG
Yeaxis offcet wio 4.9294 5.3337 4.9288 4.0723 3.8195 4.62
MAX [m] w/ 3.6973 3.9871 3.8019 3.8867 3.5869 3.79
Yaw rate wilo 8.7481 6.7933 5.4637 6.5033 5.8467 6.67
STD [degfs] wi 49633 48199 43079 5.5380 5.1233 4.95
Speed wio 30.2788 37.7251 32.0735 33.7961 30.9847 32.97
AVG [km'h] wi 44.1116 36.6409 32.5039 43.6365 402870 39.44
Steering wheel angle wio 25.2262 29.1268 25.6612 30.6525 302796 28.19
STD [deg] wi 18.9331 21.1591 21.3827 22.0663 21.1551 20.94
Steering wheel angular wio 0.0755 0.0547 0.0389 0.0455 0.0493 0.05

velocity STD [deg/s] wi 0.0273 0.0277 0.0228 0.0298 0.0264 0.03
dagFo] A8 v, 4F FrAEc] ddldeE o Sk EA s Ao, T x5 B A% 8%l @
F2 7 A EE 7R B8 HAFH ot W 7F e HA] @831 PVToD &are]5e] =8k of

& A5 aelshs A58 7P 3= A Figs. 26 ~31

34 M2 »3E 35 Y & 539 AH S Pk Wt AHE nejE.

PVToD C‘Hr.l =9 2% 49 71E 918 50 kmh F Figs. 26 ~ 313} A2 A7} A 2]€ Table 4014 &
& 25 FAFH 1A 32 2E #8) 204 A = 2427} PVToD7} A L4592 o dueE&e e
3] 53 %!i—%— AABFAT. AFFAIRES ZIIE 2 AAf &2 ore Ao ur vlwA A2 o3t Wiy} LS
7} AAqE - A FR] AFFAITRS 1 ~2 sec o E gola 4 gt} = mulelEle] @ zZHEn Wil =
A A kY B =R s A JFAQ F34 8k Q19 Wz}, 288 7t T Hx) 2E A)oksls da

HE FYS BA0A H537] f18te] T4 AAARE
T} ZAFFAIZME BE AAF S AFeA 38 5
NEEF AFFAIMS d# A o2 A geloq A5+
P Q). obl HolE-E AFFAIRl npE 3R] =
38 7t g 25 s B HALE HoFErh

Driver32 A|2|3 & 72} e| 282 RFHAPL
ZHF AlZFo] 1.5 secd ‘Iﬂ 71 @A YEbd. 23 2k

= 8]l & o Driver2®} Driver3-2 A28l 25 1.5
secd o B 22 ZP7HEEE HIY. o] =& ¢
g3 o] 1.5 secd o) Bl LA QP4 Sjr}aL weks] 7] af il : i : : . : ;
RE ARE] AFAITE 15 seco 2 AT FrHE T T

gt G 4= 2 AsH7} 7‘2_% 24 ARk Fig. 26 Trajectory of mobility (Driver-1)

Trajectory

Table 4 Scenario 3 STD of steering wheel angle and its rate

Driver
Divisi 1 2 3 4 5
vision s headvag
STD [deg] 1.0 34.58 34.58 35.14 35.97 34.36
15 32.04 32.04 33.23 32.61 32.75
Steering wheel angle 2.0 34.04 34.04 31.86 34.38 3342
STD [degs] 1.0 0.035 0.025 0.039 0.046 0.039
15 0.016 0.026 0.023 0.019 0.018
Steering wheel angular velocity 20 0.032 0.017 0.016 0.037 0.020
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Table 5 Scenario 3 performance evaluation results
L. Driver

Division PV 1 2 3 4 5 AVG

wio 1.3277 0.8034 1.5369 0.8680 1.6939 1.25

Path error STD [m]

wl 0.4868 0.3938 0.4002 0.3075 0.4138 0.40

wlo 11.8818 11.4096 12.7224 93309 10.7593 11.22

Yaw rate STD [deg/s]

w/ 8.2334 8.5193 8.5094 8.3344 8.3958 8.40

wlo 44.0067 43,9794 44.0039 439518 44.0598 44.00

Speed AVG [kmvh]

wl 43.9648 43.9600 43.9700 43.9525 43.9496 43.96

Steering wheel angle wlo 47.3400 45.0843 50.4643 36.5765 42.4557 4438
STD [deg] w/ 32.0481 33.3330 33.2333 32,6119 32.7576 32.80
Steering wheel angular wio 0.0710 0.0907 0.0812 0.0407 0.0756 0.07

velocity STD [deg/s] w/ 0.0158 0.0268 0.0233 0.0193 0.0183 0.02

Path error Steering wheel angle
T T 150 T T T T ; T T
100k £ . £ | M wio PVTod
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ko)
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Fig. 27 Path error of mobility (Driver-1)
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Fig. 28 Yaw rate of mobility (Driver-1)
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Fig. 29 Speed of mobility (Driver-1)
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Fig. 30 Driver steering wheel angle (Driver-1)
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Fig. 31 Driver steering wheel angular speed (Driver-1)
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