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Study on Autonomous Braking Control System
Based on Pedestrian and Cyclist Motion Prediction in Urban Area
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Abstract

This thesis focuses on autonomous braking control system for collision avoidance for
pedestrians and cyclists in urban area. In order to develop high-performance automatic emergency
braking which can effectively prevent more accidents, hazard anticipatory behavior like expert drivers
is one of potential solution which can prevent the vehicle falling into inevitable collision states.
Therefore, this paper proposes hazard anticipatory autonomous braking control system based on motion
prediction of pedestrians and cyclists logically and the effectiveness of the system is verified.

The hypothesis is formulated that an obstacle in front of pedestrian or cyclist affects the motion
of the pedestrian or cyclist. In this hypothesis, the ego vehicle needs to consider the affected motion of
the pedestrian or cyclist. In order to confirm the hypothesis, the real road investigation is operated on
urban community road. Based on the investigation, the target scenario is selected and the motion model
in the scenario is formulated by using potential field method. The validity of the motion model is
confirmed by checking the result of motion prediction against the measured trajectories.

In addition, the autonomous braking control system based on the motion prediction is designed
and the effectiveness of the system is verified by computer simulation that the proposed system has
performance to be able to drive safer than previous system. This information will make advance in the

field of intelligent vehicle and active safety.
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Fig. 1.1.1 Statistical data of traffic accidents in Japan
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Fig. 1.1.2 Statistical data of international fatal traffic accidents in 2015
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Fig. 1.3.1 Comparison of driver behavior and
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AKHFETRET 5, KBSMEOBE TRICE S BEEOEY X7 L OB EX %z X

1.3.2 {257,
Object type o
Position Object inf.
Velocity Predictive Velocity
Direction Position Computation
Sensor Motion o Risk | | Braking

o —» \/ehicle
Prediction Assessment Controller
r Motion state variables

Fig. 1.3.2 Autonomous braking control system based on motion prediction
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Fig. 2.1.1 Experlmental vehicle

RIATVLa—FICX Vs LEETT -2 2K 2.1.2125R7. K212 DO A
— X, @B RIATLa—F L VERSG LICHESOLET — 4, @1 GPS X v B
LIEfiERB®RT —2 ThH 5.

oz \ FaF 2o
s

Fig. 2.1.2 Driving data viewer
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ZNE A

WBREDORESM 2K 21117 T. £2L1OKBELRMFICY T ELIZN
FNOEEE L, HEFTORBEHEICEEL TWEE W BE DT — 2 23 2.1.2 1T

Table 2.1.1  Selecting condition of subjects

1. The person who has testing coach skill

2. The person who is true of all the following contents

A) License acquisition years are over 20 years

B) Coaching years are over 10 years

C) Annual running distance with 4 wheel vehicle is over 5,000km
D) In driving, the driver have consciousness of safety driving. And the driver
have never caused an accident and had never violation

A) License acquisition years are over 10 years and less than 20 years

3. The person who is true of all the following contents

B) Coaching years are over 5 years

C) Annual running distance with 4 wheel vehicle is over 5,000km
D) In driving, the person have consciousness of safety driving. And the driver
have never caused an accident and had never violation

Table 2.1.2 Data of instructors
Subject Skill Sex | Age Coaching year License acquisition years
El Testing coach | male | 41 | l4years and 7 months 22years and 4months
E2 Driving coach | male | 54 16years 36years and 8months
E3 Driving coach | male | 36 6years 16years and 11months
213 HBREH

EBRRM 2 L FIRT.
o WBRE . EIRIFEEA 34

® EBRILHS

c 2R 6.1km AT EERFAIKY 20 47
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Fig. 2.1.4 Intersection ID8 and 1D94
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Fig. 2.1.5 Measured data of expert driver E1 at intersection 1D94
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Fig. 2.1.6 Measured data of expert driver E2 at intersection 1D94
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Fig. 2.1.7 Measured data of expert driver E3 at intersection 1D94
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Feund Lo O E L, EBREMICERINZIATICIVRE L. X218
CRTHEE N O OO KUER FLEE Lo Eg T — Z D, HEP.L»DEBEER
FCOREFREHEZ T 272007 L— 2% B L, 8l & - 5ERiEEE o E1T
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Fig. 2.1.9 Measurement of lateral distance from vehicle
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X 2.1.5 lZ2DOWT, Bl KT A4 N ELIZOWTIEARE S AR ICEETEIN R S
Mol=i=d, A RT A /NE2, E3ICOWTHNT 21T 5. Bl K7 A4 /N E2, E3 DA%
MENHE EBEF LN LEKENRE CORM T2 R 2.1.312R7.

Table 2.1.3  Expert drivers behavior on the intersection

Expert driver ID | Velocity on intersection [km/h] | Lateral distance to road boundary [m]
E2(a) 24.8 2.4
E2(b) 23.1 2.4
E3(a) 27.7 2.7
E3(b) 26.1 2.7

215 16217 XV, A RT A ANOEEITENIIEANZDFET D0, Eik
B BTG 5 R AR ICBOEITEI 21T > TRV, |55 R ZRICB T 5 EERIT
BITHBERD D RN bnD. ZTHEVRM R T A NI 2.1.4 IORT8E 5%
ROFEANOHBITEREDROPHE T Z L2 TRL, BETEZ L > TV EE 6N
5. RK2LIIMOBE R T A NESITHBE N T A NE2ITH AN TR ERENEER G <,
HEFLOOERERE COMBAEBIIREN ENbME. ZhRIFRERCBT
DA EEZ T L E, BEPLNHEREER E TORT MEERE S BB LT AR
RO RBLNIAN DD THY, B KT A ANORGEITENI A EhL» o EEENE
TOMBFMEEBERIH DL B2 OND. BITHRICEBWT, A8 KT 4 N OER
ITENIAHEL & T REEIHITEI THDLIZ LN RINTEBY (R ¥ h—2 2012), #fH R
T A NOEEATE & LR THRERTEET L E L TCERLT 5 2 & T, BIESREN
IBITORBITEEREL S ILIC OB D EEZIDLND.

22 REREICESARBEOEE

AR TR L T 5, —REEIZISW TRTHES B RN B Bl O T8 A KT
REMED & 2 G A BET 5720, EREZ FEMT 5. ZWWHELIT I EROTHEZ M 2.2.1
ZRT. ZOBERICEBWTISTE, Bisds LOE B EN KA & FEOR AR LT
WITT5BENREZ BRI OND 2 Lnb, HEZFEMTLOIEETHL EHlLE. o
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DEPEITKE U CTERA A T ZikE L, 8 Kbl 9 Ky, F6 LUV 10 FE)» & )] 11 REDRE(H]
HCT—Z %% 2 A, 4 BooBE T —2 214G L, HARIC XV 2@k 2304 L7z,

ERTO%E LTIE, HEEOETICHELZ LT T RIEOSH 25Hm E LT, BMTECH
RREL N B FE N 70> & BB PRAIA~BE L WO D GE AR T D, 2L, SMTELHIREOM
WHTENZ SV TIE, Ex Ao BRI RESEEL TWDH LEALN, ZhiaTHITHI L
AL TRV, 207D, RBFZETIXZ O X O B TENIR S L LTS

Fig. 2.2.1 The road where traffic survey was executed
A DRI A T DRz @il LT « AEREOR@EZ XK 221 187, HRICELT,
BITE LD BEERZORR E o TWD . BEEk LBl TIC AT 6, BMTH - B
HANVER 2 HEE O M ST X O B E 2 R hma 222 (RT. K222 0
WY, BVEL, TuEY, BERLEE 2 EOFRIEYEGEE, B 5 OB UL EhEE, SR
WA TOEBWEL TH L. ZhbOLmOEFRREE 222 177

Table 2.2.1  The traffic of pedestrians and cyclists

) Day 1 Day2 | Day3 | Day4
Subject Sum
8:00~9:00 10:00~11:00
Ped. 61 83 47 59 250
Cyc. 298 303 274 292 1167
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Overtake on the side of parked vehicle

Fig. 2.2.2

Table 2.2.2 The result of analysis

Images of the observed scene

) Day 1 Day2 | Day3 Day 4
Scene Subject Sum
8:00~9:00 10:00~11:00
Cyc. - Ped. 21 26 6 13 66
Overtake
Cyc. - Cyc. 23 10 18 24 75
Ped. - Ped. 1 9 0 2 12
Passing Ped. - Cyc. 13 10 12 12 47
Cyc. - Cyc. 4 8 3 3 18
o _ Ped. 0 1 1 4
Avoiding parked vehicle
Cyc. 1 15 56 32 104
Avoiding vehicle Ped. 1 0 0 1
waiting on intersection Cyc. 5 1 1 7
Overtake on the side of
. Cyc. - Ped. 0 0 1 2 3
parked vehicle
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ATIWIZOWTIRARD, BICHITEBERY A7 ZE#Ed 5 B EEE TFIEIC OV TR,

VIal—alrofERERT.

3.1 HITERUHLFA

ARE TG BREMEANRFICB T S, SEAD D OSITERONHE L PRI SV Tk
ND. BESRERIIBITLOHELMROHETAEEDH D HITEOEGZK 3.1.1 12
ZNN 331122V T, HEF.LOENEHHETH IS x @, BI7mI y #hoBE)
JERERZRET D, MAZ X ICBWTHITERREROANOROE T Z L2 MEL,
BT PN E AR RSB ET DRLICB T 5, BERLMLFHBITEETCOY H
[ B, 2R D 2
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— > Point l ped | Y ped
.............. — .
i H X e g
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Fig. 3.1.1 Overview of predictive pedestrian in unsignalized intersections
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palll

X 3.1.1 IZ/RT KOICHBELMmENS x HHIZ Leai FOMSEZRTT FHINESE T 5.
HEIZHEEREDFERELICEAT DI ERET D L, HEMEBELZFUS E LZBE)E
R D R, BT PRINLE S FRIARITE £ TO x 7 iEEE x
nas.

TA(31.1)TH S

ped

X =5 X — (3.1.1)

p e
AT FHRIALE S ZERADICEES 5 F ToLENEETHERHE (Time-to-
Intersection) T, (T (B.1.2)Ic kv RsN .

f_:)zp e:dxi n_tL

ti V V
2L, VEEEEETHD.
HESLZAERNCBI2BTHEOROCE LG H TR LERRGHE LT, ZELARDD
DO BITEDPROETHAEEE 2 5. Bia X2 ORI TRIMED S TRIBHITHE £

TOy FEHERE g, 587 B TR T, & 0 TR B L) TRSND,

Yo y TV (3.1.3)

e I n

(3.1.2)

tﬁb,VM%5?%%%%&?%@,5@%%@&Lﬁ§ﬁt?Uﬂyk?~5N
— ADGHTNS 1.0~15mls R b W\ txilREIcHEINTHD(V AT A T 4
v b 2012). FZCARL TV ARBITEOROH LEAMEEL, V
T 5.
HX(3.1.2), BLI)LHISG THNLEN S FHBTHEETO y FiH g, 1 25(3.1.4)
THRTIENTES.

=15 m/s &

ped

yp e:dy _Vn t I :;te C (314)

32 BEMSHTE®EREYVRY

AETIE, 3.1 HITHRRESITEHEROH L PHIICE S\, HB(E 5587 51 A
BIEH BT E B2 ) 27 12OV TR A, £ 321 HICTURIRT T ¥ /LITO
WTHkx, 321 EETHITEMROH L PRI S, EZEa5RE D 7= & O B ER AT & &

Y AT OREHBIZOWTHRD.
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(b) Obstacle avoidance

One example of simulation results using potential field concept
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palll

GINRT oy V2R ET L EMNMIEREE T, SITHELEEME L TELRL, U X
IRT X VINOAER T DR O EETHIE TR DF R 2T D 2 & T HEEE
DERREAT D .

Aim L TIL, BEDICLVRAET DY AT KT 2 X VOFEIR Z Fi 5T RN E O
A 7E R EE T RIRER T, %280 2 THIBTENME & T 5. Kia XL BT H

HRYZAIZRTF oy U BITREFTAEZEAL LT, XE2DICLVEHTS.

1

U n:tz k(:OPt~ @2 (3.2.1)

int

1272 L, Dyl 7 FRIALE 2> & FRIBATENLE £ TOMME, DXV A7 K7 v vy
ABAER LI 5 TRIBITE 2 S OBRKIEHE, kn 1) 27 BTy LD S AT
HY, DyBED kimn DREHEICOVWTIHRET L. ATy b7 4 — L FEXY,
REB2LUNTERINDI AT RT ¥ /v ZHBEOFIE W CTRMS %475 2 &£ TH
HOFI%AFRICERTAIRAPERIND. VAT RT oy b PRIAMEICES
T 5K F &K (3.22)I1T7RT.

F=—%§J5ihﬂ}9~ @6%% (3.2.2)

p

322 WMEEBOL-HOBENSITEEGBRIRY

VAT RT v VRMER LIRS % I KRB Dy 13X 8GR K 7 A /S 2380 & Bl 4 L 7z
EED, B TRNE S THIZBITEOBEMERE LTk 5. BITHEICEWNT, &
WRFEE B ORI X A I 73R ZAE T HIR M A 2.5 sec 705 4.0 sec DHICH D Z
ERHEINTWD(R S h—r 2012). & Z TR CTIIBOEB X 1 X > 7 & i
5PN O R 7 R B TR T, 2T,, =35secil#E L& LT 5. 2oL x,
BT TN 2 D TRRTE £ COBMBERED, 1L, X@B23)ckvkvdznTx
5.

D, = v )N(f)ed + ygz)ed = \/(fti—o Vo )2 +(yint _V~ped Tico )2 (3.2.3)

7272 L Vo lZBOHBA AR IF O B L E TH 5 .
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WA T RABATE NS0 LTI 24T 5 B, R A RS 272D O RMFICHON TR S,
RN T A NIZIBENBITEEZR Y A7 3t E L, PHBRTHE & E22 L7202
T EOIEHEL, ZERICEALTWD LRET L. A3l FRIAME L PHIBITE O
PO RR A 3.2 1CRT . K 3.22 2R3 K 51T, 5872 EHE AR H T TR0 E &
WATETRNLENEE L 202D DS, TRIBITEME? HX(B.24)D K 5 Ik
TZENTES.

3\ X e dV 4
Yi i V p\p/e dd_% p/ (3.2.4)

7272 L Wear [m] V3 H T A Ysafe [M] IR mMZ R ChH Y, ETTHERICHETG L
HBATEDORIC R T A NSHPRARREI D & HEHEE L7z, K#SCTIE Ysare = 0.5m &35,

@A Predictive

Pedestrian
yped

Ego Vehicle :4
Predictive Point

Fig. 3.2.2 Relation between vehicle predictive point and predictive pedestrian

for collision avoidance

N(B2H)N BTG THNLE & BITE THALEDNEZE L2 WIR RS & L TX(3.2.5)70
Bons.

3\ e dWe 4
Yi i V ¢d = (3.2.5)

Fl, BN 7 A NIERERICEAT L, MOH L CE BT HICH L TEIRL
THEZEFEG TCEL2HEEZHEL TWD ERET D &, FEFHBEBEHEOXNGEHT
polncx, X@B26)THEIND.
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palll
afo

V2
£ .5—
p e dza.

int

(3.2.6)

IF

72721 aine [M/s?] RESICEAT DEORKBOEE TH VU, 272 i AR KEHH
XT 5. KX Tlixanm=25m/s?&7%.
AR T A NF L E oA (3.2.5), (3.2.6)DBARA - EE A HEE & L ClUR 217
D LET S L, (3.2.5), (3.2.6) & /=T HE &, £ DL X DHTS FRINMED S THI
BATHE ETo x HFrEEEE (3.27), (3.28) THREND.

We ar
Yi n_(2+y )s
V, 528 (3.2.7)
p ed
2
We ar
yi n ( 2 +y js a
% 522 {—— v (3.2.8)
72720, Veer[m/s] 13X(3.25), (3.26)ZW/-THETHY, RELAEASKHEE & E

BT 5. % I HEE DS Ve OB O R TR 5 A0 E TOMHIETH Y,
RARBEANSZRE#HEERT L. 20L&, B THINMEND THRIZITE E TOER
BEE D, 12 (329D Lk H Itk E 5.

4
Yi _(Wéa"'ry j
[N)r ezf\lxz +rye 2f = 4ga 2e 7 +y (329)

AE 7 AHE NI KB E aime , BITE THEEV o, HEHR L HEHER E TOM
J7 6 R yine 2 AL S BTGB DR EREASRHE Vi DL L2 X 3.2.3(a)(12, 227
N HRRE Vier & 2875 AUME AR KBURE aine , A4TH TRV 0 BIFR % K

3.2.3(b)IC R,
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Fig. 3.2.3 Variation of reference velocity on intersection
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B 3.2.1, 3235057 AEANRRERKBOEE L, BEPLGEERERE ToO R
MRELSBRDIFEREREARGSRELIIRESLS 2D, BITETRHESPRELS 2D
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Fig. 3.2.4 Schema diagram of the law of conservation of energy in potential field
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Fig. 3.2.5 Schema diagram of the law of conservation of energy in potential field

N(B.222) %L Z & T, BRBEEICRETDEEDIVRIRT XY NADT A v
kinZHHEHTHZENTEDL. HHESNTZT A kin 2 X (3.2.23)I277F .

Ky =——— M (3.2.23)
2( DO - Dref )_(V Vrif )

N(3.2.14), 32236, VAIRT ¥ VDT AVOHEMEE DL D %K

(3.2.24) 1277 7.

m (% Vi ) it D, <D,
~ ~ 2 Qi re
K., = (BB ) (3.2.24)
ma,, ~ ~
2( IjO - 5ref )_I(VOZ _Vrif ) ! " § DrEf

3.3 BHEEEFE

AEHITIE32HTER LY AT AT VX MIZESNT, BEFRAERIIBNT
WOR AT O BEEGE FIEAEET D, K322 IR L72@Y, KT A NFHFNED
B Le[m] BIGICHTT PRIMEZHEL THNDHOERET D, A5 TS Le O fE
OPREFEITHBT 5. BB Y 4 I v 71X 3 1H TR XL 9IS, BiL FHINEL
B DR EEBETRRM T, 25 T,, =36seclCELEL&E L9 5. K332I1CH
BROHFIEDO T 1y 7 X &R T .

32


http://ejje.weblio.jp/content/schema

N
4

TR FERAZ BT BT EROM LTINS < B BhBOE F 15 D 1 5

G
w
1
=
palll

xim X
—_ .o ped .o —
Predictive » Predictive |p , | F .
j ; . d | Risk Potential 114
e, Point Yint | Pedestrian P, Sk otentiat . -
7 v | Calculat Calculator
_¥ | Calculator alculator

Fig. 3.3.2 Block diagram of diver model

M 332 \RT L SIS, RIARE T EEMEICHT B A5 TR E 0O 5 % 1T
VW, E(E B AR RIC B B FRBTE OME L HHT 5. STEROH L P %17 5

LT, BMESRZAERIIBT DBAENRBITEREY 27 0T E2ITH. HHILT

BEMSITEERY X700, Bii PHMEICS T2 FRHhEHEH L, BHREAEIZKT

HWHESHE L THWD
BORBRMATE, HEMIZY 27 RT o v ORI PRI EICERT 2 K0 FIick

DSWTHEZIT 5. BHEEREE a 130 (3.3.1) Ik ERINS.
a-F (3.3.1)
m
BREHEV T (3.32) ickvExans.
* * F
\/=W—jaM=%—jﬁnt (3.3.2)
7o 72U Vo lZBURBH AT O W E T 5 .
34 WEYVEZalL—PaYy
AHTIX, 3.3 HiCilk~7- BB FIEEZ WG SRR EARFORHE S I =

L—>a v wZ{To7-0T, FOMBIZOWTRT.341TEBTYI 2 b — 3 &iEiC
SNTHRA, 342THTY I o b—3 3 S < BT T HIBEEE O P 2 12 o Tk,

343 HTHEEAZAESAEAKRO Y I 2L —a UERIZHOWTEE R T 4 o ElE

1TEH & DB 21T 5 .

33



341 YSalb—YarvEH

Vialb—valHWLEENRNT A —HF EFKI4L4LITRT.

Table 3.4.1 Parameter value of simulation

Definition Symbol | Value | Unit
Vehicle weight m 1500 kg
Vehicle width d 1.8 m
Road width w 5.8 m
Safety distance Ysafe 0.5 m
Max deceleration amax 2 m/s?
Predictive pedestrian velocity \7ped 1.5 m/s

V3al—ya ICBITSHBEONHIREILE 2 ETRRZAB T A N L FEED
bl L, 33 Hi TR BEHEBMEFIEEBAHE R T A RNOERITHOLEZITS. M)
WSk 3 3.4.2 12”7 .

Table 3.4.2 Parameter value of simulation in Expert driver

Symbol Value Unit
E2(a) : 24.9
E2(b) : 23.1
Vo km/h
E3(a) : 27.6
E3(b) : 25.4
E2(a): 2.4
E2(b) : 2.4
yint m
E3(a) : 2.7

E3(b) : 2.7
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Fig. 3.4.1 Velocity error of driver model and expert drivers
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Fig. 3.4.2 Relation between vehicle and predictive pedestrian in simulation
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Fig. 3.4.5 Comparison driver model and Expert driver E3(a) in simulation
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Fig. 3.4.7 Variation of Initial velocity in driver model
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52T, AMAZRBIZAX Y 75, L—8 27 T XL IECHIHE D Classl TH Y,
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Table 4.2.1 Specifications of LIDAR (LMS291-S05)
Field of view 100, 180 degree
Scanning frequency 75 Hz
Operating range 0~80 m
Max. range with 10 % reflectivity 30 m
Angular resolution 0.25,05,1 degree
Response time 53,26,13 ms
MTBF 50,000 h
Resolution 10 mm
Data tranmission rate 9.6,19.2,38.4,500 | kbaud
Laser class 1 -
Systematic error +35 mm
Statistical error +5 mm
Operating voltage 224+ 3.6 V
Power consumption 30 W
Weight 4.5 kg
Dimensions 156 X 155X210 mm
Ambient operating temperature 0~50 °C
Storage temperature -30~70 °C

4.2.2 [ERBITEIDREN
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-x/60

f(¥ g (>0

(4.2.1)

L, TREH >~ ThHD. KA24 006X 426 %m0 L, o< AminBEn
LB A IV 7 BIOMIGTHREEZ LSEBTETWDLZ bbb, T ~iai
DHE/NTA—=F %R 422127 T. £z, BITHFOBEHEEICZ OV TITFHMED S E
ANEIZLDEILDETHLEEZEZAONDTCD, EHSMITEIVEEL .

Table 4.2.2 Parameters of Gamma PDF
Xrel [M] Tic [sec] Yret [M]
Noraml | Quick | Whole | Normal | Quick | Whole | Normal | Quick | Whole
14.6 8.08 | 10.03 | 14.0 8.92 | 9.60 17.6 24.2 19.3
0.368 | 0.751 | 0.570 | 0.267 | 0.340 | 0.350 | 0.0430 | 0.0281 | 0.0373
5.38 6.06 | 5.72 3.73 3.04 | 3.36 | 0.758 | 0.680 | 0.719
200 | 455 | 3.26 1.00 1.03 | 1.18 | 0.0326 | 0.0191 | 0.0268

<|m|o | =

423 BEFTAICALSEREHKE

B 423 HTRLIEMEND, BITENEEHEEMZ BB LIED L XA I 7% TRl
LB, AT H M OFE X B Xo & HERBEEM Te EHLOLOMEEH WD Z L3 %Y
THHIMERT D, BEROEOIZ, R@.22ITRTH v~ 4540 O BFEEER A 2
T, M 42405426 OFRICEITDEEXHEENT A—F LOBREMELE 4.2.3

(4.2.2)

72720, ylx/IRZEEN ~BETHD. £, To~DhDOWRERE x &7
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HLE, EHENX) 1ZR(4.2.3), HEVX) ZR@424)D LS5 ICREND.
E(x) = k8 (4.2.3)
V(x) = k62 (4.2.4)

2T, M 427 ROBITEOBBEEE 2D L, BEBITEQEBITOREYMED E
1205m/s MERoTWVD., BITEOBEEEZ ETTOEmMPEH L2 HNT
BT AEE, 05 mis OEFEAEL LTELBHTE2RWAREEN S V. (B
2011) £ 2T, AWRETIISTEOBHHREIC L O TRYLBEH FTRHLIITADL LD,
HBESITERERITONMEEDLETCRKROIET ~F3HONRTA—=FEHN5.

R A23 OFERNE, BESITOSITENERE AW 2 BT 5 7-OICEREELTT S
B D 22 AR IEIH] Tee 25 .01 LT TH 2 MERIT 32%FEEAA(ET D . £72, Tee 25 6.91
BLUTCThHDERET DL, 99%DFHN Z ORMICHEYT L. Tz stk #
KRB R D & RICHBITE OB EEE N AER TBR S L k&EED 2.2mls Th -

7o %G, FARTEERE e 23 15.2m LU IZ 72 o 72 I 55 C [E1EEBA 46 0 AT BEME 2 B fE 3 5 4 22
WELC D0, ZHEK 424 OFFREGE LRV, Ko T, SITEHENFEIHEENZ BN
BT BR O FEAR (X EE B E il £ T OEATHAT O REE Xt ZH WD Z & ET 5. fRITHE
Re, BITEHEDEEAHL A BHEE S 2 G510 Tk, BELEBE Y A X 22 X = 11.6m LA
T, M5 ye=13m ERET D, ZOFRMHFITIBVTIE 99% D 5T H 5y [7] 8 2 41 73
AT D,

Table 4.2.1 Parameters of cumulative frequency distribution

Xrel [M] Tre [sec] Yret [M]

Noraml | Quick | Whole | Normal | Quick | Whole | Normal | Quick | Whole
68% 6.19 7.36 6.79 431 3.65 4.01 0.860 0.760 | 0.820

95% 8.05 10.3 9.22 5.63 5.02 5.47 1.10 0.940 1.03
99% 9.87 13.1 11.6 6.93 6.39 6.91 1.33 111 1.24

%
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43 BEREO#MBEEVELBEICE T SBENO RN

431 BEEGEEBHRBOMBERR
EBROMELM 431 17T, BOWETROBER, BB L5MOBITE - B

EZNZENO%¥@E % LIDAR IC XV isk L, M+, BUvilld Mo AfidE, Buv
U RTIC AR TIs T & 5 L 902, WIMWIALE CGeF AT 1L Xeyeo = -65m, %F H #i5
HL Xeyeoo =-75m) D AKX — T 5. DOk, MBITHEDOEGAEIL Xeye =-55m, % B #x
B DB AT Xeye = -65m OHUR Z@IE T DB, BB S 2 OBITH - BEEA~SX
VY, PIALE GFHRATEH 1L Xpeso = -40m, HESHIT Xpeao = -45m) 20 5 B 8) % B4
T2, BB T M OEBREICEEOETERBICBEVE LITHEZT>THH, B
BEn 2035 ECHEHET S L IICHER L. BREIXAR 12 AT, HITERBIW

AEEOBVWELEZ 1 AHY 5HATS.
Cyclist Pedestrian vy
xcch V x

cyc

LIDAR

Fig. 4.3.1 Cyclist trajectory measuring experiment

[REREE])
BITEB I OBEBEOBIHMI G I CHW L —YF L —F D% K 3.3.1 2R,

REBRTIE, P 7V 724550088 THEMLZ.
Table 4.3.1  Specifications of LIDAR (ibeo LUX

Laser class Class 1, Eye safe -

Wave length 905 nm

Range 200(averate) m
Horizontal field of view 4 layers : 110(50 ~ -60) | degree
Vertical field of view 3.2 degree

Data update rate 12.5/25.0/50.0 Hz

Accuracy (distance independent) 10 cm
Angle resolution Horizohtal :0.125 degree
Vertical : 0.8 degree

Distance resolution 4 cm
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AR HEKICRT BTE - BESE OB B O T

432 BULWEBLITEOHER

KT IBV VB LT OB E OB B2 X 4.3.2, Xt BHERFHEVWEL LY O EEERE O
BEhuia X 4.3.3 1287, X432, X433 OMEERIT, 8 OHELT 1R % BB - 72 5
DR TT 1) D6 FEAR 22 fEfh i, 1BV VB S 2V D70 & B 7B WBS R O AT 7 a2 k4 5 ARkt
e mE s Lz, £, R—#EE OBBIBNIFE G TRT. 2TOEBNIOWT, 2T
F OB H L [EhE & FARICHISN e B 21370 <, REROATENE T WIC SN TEITL T
WoHeEEZOND., ZOT—ZNOBETHTFIELMET 5720, BOBLITEIZ HTHO
B U [ELEE T & R U7 CERAICRHE T 5. BV ik LR OMIJT HRRIE, X 4.3.2, 4 4.3.3
FICBIT D Y RO R/ MEDKEXHMEZ B 859 5. 72720, BWBLBIMG Y A X v 7 &k
PRI BEIRIC SRR 2 2 & 3T OBEH E M [EEES I & FARICREECh 572, 1BUVEK
LB 2 A 2 0 7 OB T — 2 O BRIC L I3 5. k3MTE, *tE@dBvEL
BAGIREIZ 35T DAEKTHERE X DEEFHFER A X 4.3.4, XBTH, xFAEFBEVELFHAARIC K
(T 2 SRR Tee DEEGFHHE R 2 X 4.3.5, 1BV VEY LIFFIZ I 1T 200105 HRR yra OEREHRE R 2 X
4.3.6 12757

1
e
W

Displacement Y [m]

-1.5

Against Pedestrian

-25 -20 -15 -10 -5 0 5 10
Longitudinal Relative Distance[m]

) I I \ \

Fig. 4.3.2 All trajectories in overtaking pedestrian scenario
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Fig. 4.3.4 Longitudinal relative distance xre at which overtaking starts
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Fig. 4.3.3 All trajectories in overtaking cyclist scenario
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AR HEKICKTBTE - BERE OB O fE T

M Dist. against Cyclist

— Gamma PDF against Cyclist
- =-Gamma PDF against Pedestrian

I T T

Dist. against Pedestrian

9 8 7 6 5 4 3 2 1 0
Time to collision T . [s]

Fig. 4.3.5 Time to collision T at which overtaking starts

e
o

—_
(9]

Lateral relative distance Yool [m]

T I T I
y M Dist. of normal pace
rel Dist. of quick pace

— Gamma PDF of normal pace
--Gamma PDF of quick pace

1 | | 1 | L 1 |

\S]
(e

2 4 6 8 10 12 14 16 18
Number [-]

Fig. 4.3.6 Maximum lateral relative distance yre

X 43405 4361250 T, BWEBILBWBY A I 7 O0MAE X OBRITHE ZBWLE
TEEOM G REIE D54 b, ARAT3E O BBl 08w & R AR A2 A FE kR O R 72
UL EeRo TWnWb e, o~ gD REREBEKEH L. T ~04mD

BT A—=H K 43212577,

Table 4.3.2 Parameters of Gamma PDF

Xrel [M] Ty [sec] Yret [M]
Ped. Cyc. Ped. Cyc. Ped. Cyc.
k 16.3 7.73 4.71 741 41.8 78.2
6 | 0527 | 1.20 | 0.836 | 0.551 | 0.0282 | 0.0171
E 8.62 9.29 3.93 4.08 1.18 1.34
\Y 4.54 11.2 3.29 2.25 0.033 0.025
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433 BEBFAALIHIE

4.2 3 H[FEIER, T~ 53An D BRFEEE N ((Q2) Z W TBE THIICHW 2 BE A B LT 5.
4 4.3.4 75X 4.3.6 OFERICKT DEHEREME & T A—F & OR#EMELF 433 IRT. £
433 OFERN D, HEHENBTE Z2 1BV BROEHZERMIFH Te 25 10 LT TH D EAE
T 5L, 99%DHERFN ZOLRMITEE N T DH. AR OBLE B RS &, RICHEREH &
AT OFRRHEEDS 3m/s T o I23E, FHRTIERE X 73 30m LA FIZ 72 o 7o R TIBVVEEL
AEEMEE BT A MENE T DA, ZHUEK 434 OFEREAE LRV, AERTIE, HiGHE
WHATHE Z2 BV SRV THANEE R K Am/s 55 Th o722 L b b, HIERH M
BB BR OSBRI T OB HLEL I [ARES E [FIER, 1BV B L5 £ TOMEITAT O HhEE
Xt ZHND & ET 5. TR N D, BERHSBRTE 2B WIS 51m T, 1BV LB
BAIVY X = 20m LT, M5 Yo = 1.8m, HESHLAMILO B fiH 2 18 B350 ke
Wk LBREAR S A X 2 7 X = 15m, (7 HIRE Yo = 1.8m ERRET D, T OFRMFITINTIL 99%
DIBVVEE L EFINFEN T 5.

Table 4.3.3 Parameters of cumulative frequency distribution

y Xrel [M] T [sec] Yrel [M]

Ped. Cyc. Ped. Cyc. Ped. Cyc.
68% 114 9.90 5.10 5.00 1.28 1.42
95% 15.9 12.7 7.64 7.05 151 1.61
99% 204 154 10.23 9.10 1.73 1.79

A4 ABDOEED
4FETIL, 2B CHEM L= EEZ B2 E | RE LIRS HEICOWT, BEIFHIZTT 5 B

H

HE LR DT A= EBEICALIMEICT 5720, 5500 % B8 L - Bl o Bug %
BraiTo72. ZTNENOXRIGIEIZ OV TRERENHERZ AT L, [BIRECIBWEE L D7 DICHER
EEFELIEOD XA I 7B ILOSE ORTTREED 5 %KD, BEIFRICHW A EE R
ELT-.
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F5E
BRICETSH5TE - EREOBBTAFENEE

KRB CILE 2 B CE LI Ext R85 micxt U, 5 4 3 CTHRIZB B o 5 01 £
5, BEITH TEEMET S, 5.1 BiCilE, IRBEOBH THICHVWDIET vy
NT 4=V ROREIZDWTART. 52 @i CTIEBE TH OO ORBEERM O AKE X
OBl L2 23 < YO HIEIC OV TR, 53 BiTAREDO L Lo LALLM
AR,

51 RFUIYILT4—ILFOEBTE

SELEICE T 2 BB PR FEEZEET 5720, R CIIZRAOREET 2 LX &2 V-
Ty VT 4=V REREL T, 7, BEr-ChHhiE~DOEAZRE, SHTH - B
HTREERGZEET D, ol lnd, Hr0BTE - BEEENSEITL— 1V ETOMHE
BEZHBI L CTIERT 28I 1R T v o vy V&K 421 O L HITRIET H. 22T, RITHTEN
KT ERE |- Y = Y [M]ONE B 8 5 E T L — v 6 do M2 T TV RS, BETHRT
¥ b UL INMIIZRGLD LD ICERSND.

1

1 2
UL(<:|L)=EdeL2 =k (Yoo = Y1) (5.1.1)

72720, ko INIMIEAETT L —AHER T 2 TR0 IERER TH 5.

§

Motion Lane Y=Y,

Fig. 5.1.1 Definition of motion lane potential
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Y=0m DONBEIZHDETL—r DITNREHN kL =1N/m OL X, EfTL—r~#< 5]/
RNT vy V&K 512 127,

4 8
g 2 6
. £
S =
g 0 4
L =
Q 2
= S
Q. 2™
a-2 2
4 0
-4 -2 0 2 4 6 8
Displacement X [m]

Fig.5.1.2 Attracting potential of motion lane

7o, BEITRZTT O BRI T RIBLE DS E B~ L 220 &9 JE BB 24 5.1.3 DX (12

REL, BEIMIBWTEDFRIRT Y VERESES.

Road Boundar
A Y Y =Yg

Fig 5.1.3 Definition of road boundary potential

ERBERNORETDHRINRT v VA2 R(BLICTRT.

1 1 2
U, (dg) ==kgdy? =EkB (Yoo = (Yo —los)) (5.1.2)

2
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Ye=1m XV IEFROEENERKIN, EEERDORETDRINET X /LOThRo HK
B2 log=1m, IZREH ke DN ks=10N/m DO L &, BAETLHFRIRT ¥ V%K 5.1.4 12

—_—
Ln

Displacement Y [m
=
Potential [Nm]

-4 -2 0 2 4 6 8
Displacement X [m]

Fig. 5.1.4 Repulsive potential of road boundary

511 HITEOREEREEEE

AATHE DSEEHLHL & [BEE L CRBENT SN A IEL S 70w, BEELHEMmICEET T 5 L RET D
FART oo ¥ VaEFRET D, K323 R LIZBEEE OG0, BA7E OB TE) 2 FE
T2 L CRBEEAZ AT DAE, MFRRIAENT 207280 2 DDONRT XA —=FRLETH
. H53E TR LY, [EBEBAARHC 1T DM THE 2 O [l G T LT 1 B,
[EEREIZ 51T 2 MG R & b U CIRRIC RV, ZOSEBE L, BEHEEm D HIAET DR
NRT e X, EITHRICEL, BAMICEVWBREZR A E T 5. BEaHEE)N
WEISEDLRFRNIRT v VEK 51517 . BHEIIRIEZFRICEWT 206, BEfEE O
A2 D& £ TOXMIZIBWTE x R & y il mof 5RO A TED bivd
bDOLTD.
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I-:ig. 5.1.5 Potential
B E EL W 1% 0 O X N2 38T, [X5.1.6(a), (D)ISRd 0 B &l Thd 5 & 5 IR IX RO
HARENODEM d[M]ZRD S, @IZBWT, AiThao BRER L2 oM oM zH# < J7
BEAIAGLI)TEREND.

2 2
[X]+PLJ=1 (5.1.3)
I0—><cr IO—yc

! !
(Xped ’yped )
(a) (b)

Fig. 5.1.6 Coordinate transformation

72720, loxer [MIEEE B4 5123 1F D ARABIZAAD x #5170 B IR, loye [MIFEEHEHH %
BLOMFIZB T HEEITRAO y i MBEARETH D, 2 THEIEEMOT-DIZ, x @iz x /
loxer =X, YEIZ Y/ loye=y EB< L, K@DHKDL)D X S ITHEMNL YR L O ~EHTE
5. HOWCHEWT, BITEIERT D RAERT v b U INm)iE, ARIZROZENT d’ [m]h»
5XGLAD L HITRDD ZENTE 5.
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HL5E HREICKITLHTE - HEEOBE T FiE DO

1 ’ ’ 2
:Ekc (1_\lxped2+yped2)
2 2 2
Ly [ e | ] Y (5.1.4)
2 © IO—xcr IO—yc
72720, Ke [NIMIIBEHHE A AT 5 KRR T v v v VOARITADITRER TH S, Lk

£V, K515 7 & O IZEEEHE O % b R & R RIS B R A o 7o & &, BT
ERTHRDRT v U, Z28(5.15)DHEYRETS.

1 X 2 2 2 X 2 2
—ke[1- (—pe‘j] + MJ if x<0,[—ped] +(MJ <1
2 IO—xcr IO—yc I0—><cr IO—yc

2
U, = %kc [1— Iype" J if  0<x

<l ,—I

ped car’ "0-yc < yped < I

0-yc
0-yc
2
1 Xopg ) y i x —I. Y y ’
e B ey if Ly < Xpgg| 22— |+ 224 ) <1
2 IO—xcf IO—yc IO—xcf IO—yc

72720, lear [MITEEEREBET DORR, lo.or [MITEEE B MFTS OEIT AR IT 2 EEIZROR
KRETHD. £z, FRART vy Ve E L IZ R0 B E X0 IO SERN O Z4E
MT 5. B lar=5m, HlE Wear = 1.8 m OEEHHEE OB X=0m, HEOHLAY =0m
WAL L, loxer=4m, loye=3m, loxer=4m, ke=1m, O & X, BFHEBEmMABETLFKRIIRT

VI VK 5.1.7 IR

(5.1.5)
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E 02 2
o, =~
§z
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0
-4 -2 0 2 4 6 8
Displacement X [m]

Fig. 5.1.7 Repulsive potential of parked vehicle

5.1.2 HEREOMEFEBEVE LEHE

WTHE L HEREOM, £3HEER EOMIENT2FART vy 2K 518 DX DI
BRET 5. BEEE O EEE  EAE, BV LRI T 5 BESENHIB W LS £ T
DOHETH MRS, BB LRFICIRT 215 IR & e U CIER IR WA EZBE L, ®IThH
MICR <, BAMICEWERREA R OBMIE L T5. K518 I1TRT LI, SMr&ELHL L
L7 BB R A B, BHERE OB (Xeye, Yoyo) D & X, BATHED O BESHEA~MEMT 5 K18

TV UEIXGBLe)D LY ICERSIND.

1 X ’ y ¥ X 2 y z
Uy (X0 e Y=y KE 5] + e i e < (5.1.6)
2 IO—x o j IO— ylo b j I0— X ol(b—j

72721, losonj [MIVE X Hl 51D FHERE:, loyonj [M)IT y BT D HIRE:, Kooj [N/M]IEIE VB L%}
BINETHRNDRT ¥y VORRIZRAER TH D, £z, FKAOFRT v /LiEX 518 D

FEM T BAREORANZ A > THIO TERT 5. [X15.1.8 D L 5T TH Z R R EIER %
E&O 7LC E ‘g‘, |o.xobj=5m, |0-yobj:2 m, kobj:]. N/m @ k %:‘, %’\é;&pﬁ_éﬁ:ﬁﬂfﬁ: ‘/:/’(’/l/ﬁf 5.1.9

IZRT.
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| y

0-x0bj

( chc ! ycyc )

Fig. 5.1.8 Definition of repulsive potential between objects

2 0.5
— Target to be 0.4
é 1 ‘overtaken
. i )
- 03 =z
g T [—)
E 0 Hirens =
L Wil E
S 02 2
a. af
.El
Q 0.1

2 0

-4 -2 0 2 4

Displacement X [m]

Fig. 5.1.9 Repulsive potential of the target to be overtaken
52 BEBEMHOERBLURT YL vILEBELIZED < RUEDFFE

ARBFFETIE, MIREDRE, EOXIITBEIT 202 THT 06, X521 3 X9 72k
AR 2 AR T 2. IR TSR E D At=1BEIC—EDOARE CEITHmaE T
Y & ME L, 1.5deglsec %7 TELIE L /25 DEFE 31 ORI DI SND. £z, SR
AL 3 A7 v 7R ETOBBR LR, FREOZYELHES 2715L LTE, HidEE
RICBTDRT v vOEZGFFL, m/MEZ IR - TZREE & £ ORI 1T 2 meil 7a e
ELTERMTS. Zo&E, PR TIIRVIRE IWIHIALE TOER 2k 25 b0 &
LTERD.
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t=At t=2At

Fig.5.2.1 Set of trajectory candidate

VLE XV RO Fl 72 RIS &, IR EONEAAt BIETBBSE, TZaAt Bk
DFPPNLE LTS, T THEETDINE L, TRNCIEEAT v 7% E COREMRZ AV
NG, EOHMEIL L AT v T RICEDLRICHD. RORANZBT 5B 5 R HEE
120, RO AZEIKLITY. KEHWTHHT5 L, 5.2.2(@) " HIHMREED &,
WDOAT 7 Tp= At BOWREZOWITRTEIICTRILEGES, At BREOTRINENS FF
ORI AR &, [FARICHE SR OFHMIEZFHR L, A7 3 v LRV E~BE) S
5 ZLT, THIM Te=2At BREOTHNELTD. ZOTREHEVIEL, TRV 7Y
YITATe =1 BmIZ s MR E TOBHEZ THITS.

(a)Tp:() (b)TP:At
Fig. 5.2.2 Motion prediction using trajectory candidate
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53 WMBEIHIR
53.1 TIR¥E

HERHEOME BV LGEICTIBWN T, BWEL 21T 9 BEEEIHEWE LR P BEAESE D
FHRT v VORI L > TR EZL T T 5582 5. —77, BOBINDMOBRT
FHROHERHED, BRAODOHEET 2 HBEDORNIRT v VOB a2 T THMME LY B
(CHE~TF-> T LE278E, BWBL 217 5 BESEOBEN T IR RIS OV TR M D 287
PSRN TLES. Lo T, K 531 ITRT X IICBE)TRIZIT 5 XRORT
(FOV =180 ) ZalfffEilie L, BGIAET DMENBEETLFRART v v VOB
TRV bDET 5. EL, —EAREBIC Ao ohE ORI TR L b0 L L, B
WL 21T 9 BRESHIIH R BV LR b ELZZIT 520D T 5.

Before overtaking After overtaking
Unrecognized Recognized
Recognized Recognized
FOV = 180 deg.

Fig. 5.3.1 Recognition considering field of view

532 BEMRDRE

S, AR TREZT 52B8 T FEZEMERGE~NCHT 28 bMEL, BEITRIO
BRIV A S 2 30E+ 5. BHERGmOf L LT, 1 8O uEWgim 4 X 5.3.2
(R 2O X RGEICBWT, BEIOBHREDR SV EMESCREEY 28T 5 7- 0K O
ENOE~BETOBITEN U X =T 5 L R TFHRRIEONLZLEbERAOND. £
ZT, NI AHBEICKE KGFT D Z LR RARREBEZHIRT D720, BEEEHO
BASHN 2B B M D7 R v & BEEHUE AN D X7 MRS AEICESE, 00 (B
BB D REBR ) Ti/ly, 180° (B EEHhAL & BLwi~E > 5 IR ) THRAL 2D L9
REBERT U VEE LTNET S, 72720, BEAEER EITEUTERANICRET 5.
HEEHLE AW 9 72O DB Us 2R (5.3.1)I27R7.

63



Main subject

. ;;j;ifsb )
o ~<o— Goal

el
Sl

Do
.
0
.

Fig. 5.3.2 Example of the complicated scene

(5.3.1)

(cos(6, ) +1.0)’ J

Og

Ug (65 ) =Ws -exp[

72720, Gs[rad] 13 B & RO BEN TR D723, we [Nm] (3 FARMA & 5872 % 07 1)
~NANE D L LTEBRIZE XA ONART v VEDEAR, o 136 IZX>THXLNDLRT

YUXIEDIRIBN VIS 5T A =2 Th%H. #EHAwes=10Nm & L, oz % 0.05 0.5,

5 LML ZHTEED, HIEHS MDD WGAICNEINDRT v v UVEAIX 5.3.3 1T

ER

1 —o0=0.05
--0=0.5
£ 0.8 .o=5
Z,
<7 0.6
=
§ 0.4
o \
=¥ \
0.2 .
0 ERLE : =
- -/2 0 /2 T

Heading angle to the goal ¢ . [rad]

Fig. 5.3.3 Potential limits heading angle
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54 BEMBOSTERERBRLINAS A—FEE

541 HITEOEEEREEISH

Fig. 5.4.1 Parameters of parked vehicle avoidance situation

AATH OBE A [EGRES 2BV T, K 5.4.1 O K 9 (B A BRI EE R O FUR A TRY
ERET A X, MAma Ydhe Lics &, MTEOETL—2 Y=Y [m], HEDAL
HHRRDY=Yc[m], BEEBEmDNRET D /RNDART ¥ /T OWTHE T M OERARIZRO A K
FE¥ loye [M)D & X, BITENEEERGEOM G Z@iE T 2850 Y BIEEY Y [m]ET 5. 20L&
&, BEHHEM OGO X i~ A T AT e RIZERORT v v L OWHE X 5.4.2 [ZRT
[4 5.4.2 (ZOWT, AT vy /UEMHE, M5410YMAREICHD. SITEELETL—
YANRED LT DBINRT e v EFVER, MTELZEREWNOES T LD LT DK
NIRRT v VERRD MR, 2 DDORT ¥ X LOfMERVER TR, AR TRET B
P HTFEIRT v VEO G R IR R 2B 28RS 5720, BTHEITHEmMAS
ZBWT, BEFLIERT oy MEDRIMEDOE 2 B8+ 56D L LTTFHESNDS. €2
T, BERHEM O 2 @i HBROMITHIRE 42 i TRE LI E 2D Ko, EfTL—r
DEIHRT v )V EFFHEEMMN S DR RT v VDFNRTA—=F EZRET 5.
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PLEX D, X541 1R HTH OB E R EHEEGE ICB1T 5 K /T A —HX DR 3 5.4.1,
BENER D 25T s 5 A Rk U 7= ARIE D B E S IXRER A 542 DEVRET 5.

Table 5.4.1 Parameters of displacement in parked vehicle avoidance situation

Subject Vehicle Lane | Road boundary | Lateral margin

Symbol | Yc[m] | lear [M] | Wear [M] | Yo [M] Yg [M] Yrel [M]
99% -1.2

Value 0.9 4.7 1.8 1 1.9 95% -1.0
68% -0.8

Table 5.4.2 Parameters of potential in parked vehicle avoidance situation

Subject Parked vehicle Lane Road boundary

Symbol loxer [M] | loye [M] | loxer [M] ke [N/m] | ke [N/m] | loye [m] | ks [N/m]
99% | 14.0 99% | 7.0 | 99% | 23.4

Value 95% (135 25 |95% | 6.8 | 95% | 17.1 1.0 0.7 100.0
68% | 10.6 68% | 5.3 | 68% | 12.8

HATHE OB EHEM ESHICBIT ART Y VDR T A—H % F 541 L £ 542 D%

TELEBORT ¥V T f—/)L K& 545 6 5.4.7 I25R7.

[Nm]
1.5 R b
I .._:Hi Parked T
E 1 i Vehicle i |10
>~ 0.5 8
+~
5
g 0 6
(D]
Q
<205 4
Q
2
A -1 2
% Considere
15 B

N
S
1
0]
1
(@)
1
A

220 2 4 6 g8 10

Displacement X [m]
Fig. 5.4.5 Potential field of all factor considering 99% case
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Fig. 5.4.8 Parameters of overtaking situation
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BWBKLUBHMR Y A L v et 5, BTE - HEEPEAET DRIRT v vy Vv ORET
B D HARE: loxped 5 loxeye [M] (22WT, 5.4.1 81T L-RIEED J7 ik CRITE AR E T
L. U EXY, K548 TR HEEOSITE BV LGEICKIT 548/ A —2 23K 543,
HERH O HERHLB VB LIGTEICB T 28T A—F 2 £K 544 DRV RET D.

Table 5.4.3 Parameters of the scene cyclist overtakes pedestrian

Pedestrian Lane Road boundary
Yped [M] | loxped [M] | lo-ypea [M] | kpea [N/M] | ke [N/m] | Yg [m] | lo-e [M] | ke [N/m]
99% | 24.6 99% | 14.0
0 95% | 21.2 2.5 95% | 9.5 1.0 1.5 1.5 100.0
68% | 15.2 68% | 6.6

Table 5.4.4 Parameters of the scene cyclist overtakes pedestrian

Cyclist Lane Road boundary
Yeye [M] | loxeye [M] | loyeye [M] | Keye [N/M] | ke [N/m] | Y [m] | los [M] | ke [N/m]
99% | 19.7 99% | 16.1
0 95% | 17.6 2.5 95% | 11.3 1.0 15 15 100.0
68% | 16.4 68% | 8.2

HliZEOHFITE BV LEEICBITART VY VDN T A —2 523K 543 O@VBREL
BRORT %7 4 —)L REX 549 /25X 541112, BEZHE BB R 28\
BT AHNRTGA—F %3 544 OFVBRELZBEORT %7 4 —)L R&K 5412 5

5414 TR,
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T—HOIMUZIED L O R AE TRITE TEBY, 220, ZNURBAKRETITRNI &2 b,
HHRH M A 2 BV SmEICE N T, AR TRET 2B THFERAITHL LE
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56 E&H

B4 ETRLUE RIS 2GRNSR EGEIZB T 5 BB ELEEO 553 4 s R I 5
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Fig. 6.1.1 Determination criteria for autonomous braking control
based on motion prediction
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U- E) 5 Eﬁﬁ@'{i%@g&%%(xcar (t) ) Ycar), }ﬁﬁiﬁ@'fﬁ%@*%%(xped (t) ) Yped (t)) k 'ﬁ—%) .
IorE, HEMO Tp Bk O FRINLE Xear (t+Tp) 12X(6.1.1)TEEND.

X (t+T5) =X

car

(t)+vo Tp (6.1.1)

car

o2 L, BEEIEIYHE Vo[m/s] TEHE LG T 2b0ET5. FL4ETHELLZBH T
HFEICE T, BITEHED Te BEO THALE Xpea (t+ Tr) | Ypea (t + Tp)) KD, H
B & ARATE ONEBR D REO LM Z BT 5. Te B2 OHELT 7 1 O M xtEE
B Xl (t + Te) [Mm] &, Te BPEOM G HINE yre (1 + Te) [m] 1%, ZHLZ41H(6.1.2) &
(6.13) THREIND.

e (F+Tp) = X o (14T ) = X (1) +V, - T (6.1.2)
Yrel (t +TP ) :YPEd (t +TP ) _Ycar + %Wcar (613)

F7o, BITE L BHEE O EE v [mis] (X(6.1.4) & L& &, #1757 1H O
FERBED 2 B8 U T 22 R ] Toe (t + Tp) [sec] (ZX(B.15)THRIND.

Vier =Vo Ve (6.1.4)

Xt (t+T5)
vV

th(t+TP)= (6.1.5)

rel

Te BB OMITEINE yra (t+Te) 25 1.5m L RIS ETHISHL, 2D, Te(t+Te) 2
2O oo b &, WHEALETHL LW T AL ET S, L, Bt
(23T D HEAT 76 O ARG FEBE Xeer (1) [M] 2% 35 m LA FIZ72 > Th 6 EERIZ K % B A6
THHLOE L THBMICRET S, £70, THIKRE Te X 1PAAHTI~5B%ETH
L, THIT 7Y 7T B AZITY, — D THBENS LI &l S5 5
e d i, WoET 5.

6.2 B bR G F i
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BERNMLETHL sz &, BROFLAASNBEL T 2 & PHRIS DX
GO%RGEBUETDLI)ICHEREZBERESE L. BEZ BT 2HEAMZ PIHREL L
Teb&, HEMMNONGEE TCOMISEREL Xeo[m], BEOKEEL Vo & § 5. BHH?
T LR T, BEmM IR0 alm] % 5%, SR & CHEE Ve [M/s] TEFTL
TWLZEHaEEEL, ThaiimikiEe 5. B HEM &5 o8k HE 4 H(6.1.4)
ERBRIC vir & T2 &, PIHIRELOKIGIKREE T, Yy —2 J M/l 4 L7z —
TEJBIHE FE amax [M/S?] TR T2 & &, WO IC & B2 teee [sec]iZ X0(6.1.6), Tk (2
F7 IR E amax (< 0)IZX(6.L.7)D L H kD BN D.

VO _Ve nd (616)

2(% o 7) (6.1.7)

DL amax C taee FPMFHGE L7z & &, BAHEMOMBEEERE Ve & amax , teee PFIZIEH(5.8)DEE
YN AAVASN

v = 3. -t (6.1.8)

ZOLE, EHET 077 A V& 621 DFMRTRT L, FMTHENDRITEOEMEITN
(6.1.8) &LV,

LU e, —ENNERE —EINEE amax 2 B ICIEE S 25 B B3I IR TITR .
¥/, HIEFORAORY DHAEBZET DL, AENEEEZT v 7 BICAT 52 Li34F
F LL AW (KRR 2008) (£ 2000) 2 & 206, P v —7 J [MISS1& B8 LIZIEE 7 a7 7 4
N RO DGLEND D .
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Fig. 6.2.1 Acceleration profile considering jerk

—EYY—7 3 Tt MBI L%, &t B2 b E TRRBUEE @ THIEL, =56
2t 2O 6 BET—EY ¥y — 7 TIRHED 0 ~NREDLBEHT = 7 7 A /L% 6.2.1 DRV
BRCRT. 2oL &, BUEBRLAD DR T £ TONEE A REf# TS L7223 2L
B2 5720, ROBTHEND BFOHFENR(6.1.8) OHEEL(LELELITUZIV.
HIZ, VY —2&BELICINEE 07 7 A VREARPRTHIUE, BEEK TR OB #Hil &
KR ETOMIERES, Yy — 27 Z2ZRLARVINEE 27 7 A L TRIE LG E LRI
725, U bXy, BoHICET D1 T tee DEE, T¥—7 ZB[E LTMEE ame’ [m/s?]1%
A(6.1.9) LVRDON, FABIHE amx’ (ZIETDETICET LM 4 &, HRBORE amax’
OANREES 0 IZR D F TORF# t3- t2 133((6.1.10) TR 5.

ar'nax :i tdec - dec + 4 rel (619)
2 \/ J

!

H=%—Q=aT‘(J<® (6.1.10)

=72 L, K(5.9) 17X (55.11) O&MEFH =T,
dec

244 ;' >0 (6.1.11)

ARKyIa2b—varyrCliE, Y¥—727J #1.0m/s® ZAHT -1.0m/s® 7>5-12.0 m/s8
FTCEMESH(R v v = 1999), K(6.1.11) - T#ECTRL/ NIV T v — 7 &i#
/ﬁiﬂb, %k?ﬂzggama{ T tgec *9[35373)”—«(”&@%“@:5 %mkﬁ‘é
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H B H O ) Vo = 40 km/h, H3ATH O E Vpeg = 1.5 m/s,  #HFH < EEBE Xreio = 39.6
m, BOEKTEICHES T 2GR a=5m 0L, Y2l —a VB 1IB#%
V=7 FZ B LRVWEE, Py— 7 E2FBE LIEE#EEENENHEBLTEED Y
Ral—va VEROKRIT X &2X 622 D(@) b)) WRT. EEL, Vv
— 7 JIX -2m/s® 7o TW5b.,

0 ‘ ‘ ‘
K ——-WI/O Jerk
é -0.5F — Considering Jerk I .
g ]
S-1.5- ! .
D) '
S 2+ |
< a
_2.5 | | | |
0 1 2 3 4 5 6 7
Time [sec]
Fig. 6.2.2 (a) Simulation result of acceleration considering jerk
10 ) ---W/O Jerk |
2 — Considering Jerk
£
- V
S 5- 1
2
> Vg =1.5m/s
O 1 | | | | |
0 1 2 3 4 5 6 7

Time [sec]

Fig. 6.2.2 (b) Simulation result of velocity considering jerk
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Fig. 6.2.2 (c) Simulation result of relative distance considering jerk

1 6.2.2Q@)DHFRNVERTRT VY =7 2ZRELIMEE a7 7 A0tk b, K(b)T
HWEMCTRT VY — 27 2ZBELARVWINHE 2 7 7 A VTR LS AE LR UH
EETHE TR WD ERNb»ns. FHKE@)LY, BOEK TR E S ZH
XFHBE X =5m ZRoTWVWDZENRDLMND.

6.3 HEBARERBIHFTAUFE

HEEGHS I 2 L—2a VKo TRT o v V7 =L RERWEBEN T FEO A %)
MARGET 572D OHERIZH WS, ERMOBE TRFIEE LT 1 RTPUIFEEZRET S
(Tiemann and Branz, 2010). 1 X TFHIFETIE, BMTESLHEHRO S 5L t=0 564
YTV T EA BAT T OBBIEREEZBY, ZORLICE T 2T HMAERD 5. Kook
FTHMA~EREAER T2 0L LTBEIZ TillT 5. RyIal—yarTldiRE 1 M

DBBIBIED BB %KD 2. BHHTHOKD S %K 631107 T.
t=-3AT t=-2AT t=-AT t=0

Fig. 6.3.1 1st order prediction

EATIT18 0 () DEH 5 1A% 22)ITRT.
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o(t) X (6.1.12)

VIalb—yarTIEBEBISMEZRDDE, K1 BHOBEERELZ WS, 72720, 1IRTH
FIEICHW D OLE IR EE c [s] # 03 P& LTr— "R T7 o WX ZWHAL, /A X
LOBEG~OREEZMZ L. AEEOMEFE BN LIGHIZEN TR —/ 2T 4 L F 24l
i L7z HizE (cycl) &BWE SN D Bl (cyc2) OBEHWIOH %X 6.3.2 ITRd. 72721,

AL CRETIBH TR TIECIEe — 27 g VF A L TRV LEEREFIHT 5.

0.5
El L ;
>~‘ O | 7 PR aLls L IR INS AL N ]
=
]
£-0.5 |
O
Q Raw data oftyc2
i _1 - — Raw data oftycl i
wn -
A Filtered data o€yc?2
------ Filtereddata ofcycl

]
k.
1N
-

70 -60 -50 -40 -30 -20 -10 0
Displacement X [m]

Fig. 6.3.2 Filtered trajectory
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—VavICLVEHET S, TR ENOHGEICE T SBETHICIE, HIETRELLE
HWATHE - BIHEOBHEMAZ A1 LTHWD ., £2, ETLH2BE PRI FIEICES
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T, HEHENF T OBVHBEEZEWVWETHRE A, BEIE I 21—
a O T. ¥ 6.32 TRLEBEHEBIAZHY, ABRES I 2V —va %
72, Yalb—ra ryORmERELK 64112, BHEIIalL—Ta 0K/ T2
— R EFE6ALICTFT. £, BF vy L7 4 — 0 REHAWEBE TIIFEICIE 99%
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Cycl Cyc2 Y
X Xoer, V, e Vo A

car, ycly yel _X CY! cyc

> X

Ego
Vehicle

LY

car0

Fig. 6.4.1 Simulation scenario cyclist overtakes another cyclist

Table 6.4.1 Simulation parameters

Definition Symbol | Value | unit

Initial velocity of ego vehicle Vearo 30 | km/h
Velocity of Cyc2 Veyeo 2.2 m/s
Velocity of Cycl Veya 4.1 m/s

Initial longitudinal position of
X:arO -115 m

ego vehicle

Initial lateral position of ego
I/carO -3.5 m

vehicle
Initial position of cyc2 Xeye20 | -40.4 m
Initial position of cycl Xeye10 | -67.5 m

BB T FIEICHES < BEEOEBFGRT% O F &2 X 5.42 D) 75 (c) ITRT.
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1st order prediction

- —eMeasured ~— e a0 re. -

-=0 T, = 1sec
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L T, =4sec i

@ Tp = 5SecC
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Fig. 6.4.2 (a) Simulation result at t = 3.8 sec
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Fig. 6.4.2 (b) Simulation resultatt=7.9 sec
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1st order predlctlon
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o
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-
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Displacement X [m] t =9.5sec

Fig. 6.4.2 (c) Simulation result at t = 9.5 sec
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Fig. 6.4.3 (b) Lateral distance of 1st order prediction
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Fig. 6.4.3 (c) Lateral relative distance of proposed prediction
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Pedestrianv Y
® ped

- Yffe'a

Ego
Vehicle :

Y
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E 05
N
= 0
o]
5
o-05F
=
o
2 -l F
A
150 — Normal pace
N = 68 -=-Quick pace
2 s \ \ \ \
-10 -5 0 5 10 15
Displacement X [m]
Fig. 6.4.5 All trajectories of pedestrian avoiding parked vehicle
Table 6.4.2
Definition Symbol Value unit
Initial velocity of ego vehicle Vearo 30 km/h
Initial longitudinal position of ego
; Xcaro '80 -~ '40 m
vehicle
Calculation pitch width of Xcaro AXcaro 1.0 m
Initial lateral position of ego
. YcarO -35~-1.0 m
vehicle
Calculation pitch width of Xcaro AY caro 0.1 m
IR TPHUPECESEWHELZGAO VI 2 b—va UERZRT. BEEOXA]
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Fig. 6.4.7 Mean value of time difference of 1st order prediction
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Fig. 6.4.9 Mean value of time difference of proposed prediction 68% considered
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Fig. 6.4.11 Mean value of time difference of proposed prediction 95% considered
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Table 6.4.2 Simulation parameters

Definition Symbol Value unit

Initial velocity of ego vehicle Vearo 30 km/h
Initial longitudinal position of ego vehicle Xearo -140 ~ -90 m
Calculation pitch width of Xcaro AXcaro 1.0 m
Initial lateral position of ego vehicle Yecaro -35~-15 m
Calculation pitch width of Ycaro AY caro 0.1 m
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Fig. 6.4.16  All trajectories of cyclist overtaking pedestrian
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Fig. 6.4.27 Simulation scenario cyclist overtakes pedestrian

Table 6.4.2 Simulation parameters

Definition Symbol Value unit

Initial velocity of ego vehicle Vearo 30 km/h
Initial longitudinal position of ego vehicle Xearo -130 ~ -80 m
Calculation pitch width of Xcaro AXcaro 1.0 m
Initial lateral position of ego vehicle Ycaro -35~-15 m
Calculation pitch width of Ycaro AY caro 0.1 m
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