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Abstract. Automated driving in urban roads requires a trajectory planning algorithm adaptive to diverse and atypical road
environments. Many of proposed algorithms are realized based on risk map around the ego vehicle, in which each place is
associated with a cost value in case of driving at the place. However, conventional risk map does not properly evaluate the risk
caused by movement of obstacles, resulting in the possibility of inappropriate trajectory generation. In this study, we propose a risk
map based on a novel risk evaluation method, spatio-temporal distribution risk evaluation method, considering time-based overlap
between moving obstacles and the ego vehicle. In simulation-based evaluation for overtaking use cases in which a moving obstacle
affects trajectory generation, we showed that the proposed method properly represented the risks of the moving objects and would
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be capable of generating trajectories that conventional methods had difficulty in.
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1. [FCHIC

TR, A TR —FEDHNFE P& H T E M JE L
DRBEAESR L, E1T45 B EfIE L CRIEES e, R
BEMROBATADELRLZ X T 25 ADAS (Advanced
Driver Assistance Systems) O & NEGHICEA TS, F
7o, FRUICKZ2ETEWREE TS THENEIE] &, &H
B Z R EAERED 5TV D.

O B R 0O B ENERR TIE, BRI L7 ARSI o TR
ITHE OB A ERIRIC AR L 1T, B L Oz X
7 B A 2 \ZEHI LTl b A TR 22 BT HILE 2 BT 5
BB R E T [1]-[5] BB TH B, LrL, miEED
—RGERE T, RRAEARREEIE O L 5 IER RO B
—VORENHEZ 2 L & HIZ, MMTHERLHEBHEREDOMD R
WBSMNE EOTFWHIMbH T2, WIS U717
HIIARD BB, DD, THOERZRHLEFEMHICR
ET HUROHIEFFE X TIHRAR S S, ZhicxtL,
BT 72 A EATHIE 2 RIS AR R P R 72 LB Rl & L,

TR BLBYERT WFJEBSE 7 v —
Hitachi Ltd. Research & Development Group
12 HAZ Astemo BNt BUIRBAFEHEFEAED
Hitachi Astemo, Ltd. Technology Development Functional Div.

(©2022 Information Processing Society of Japan

=R/ — /L O IERIC ISV T H HED O H RIS
BIFLZETOEELL RS (A ME) 2RBLLIZ~vy T

L, VA7 <=y 7 EMES) ZAKL, O LETaX b
% B/ MBS D Il E A R T2 RS < FtE T
WAL, [13], [17], [18]. VA7~ v 7%, BEET &Kk~
REFEwy AL TH I Lic kY, HERARHEE A KT
L7207 NAY RLERMET S L L BT, ZOFAERE
EMZDMENRD D,

LML, #kDY 27~y 1L, BEHOBBICLDE
BErEETITELT, EEERBMELIZY A7 REEZMED
ZERHDL. FOEBIZIY, PUEFIEIZBWT, HiE
BEOREBRBMAEFEINZY, FEEZ2PESER S0 §
HZEmbY, FEICKH L GEMKOH D EITR, RED
DUVNIARIZEE D L) REATIZORR RN H D .
T, AT, BEEEY S ORI ERRE
ERLEZVAIRBEMATZY A7~y THRBRETL. &
ZIRHFIC BT H R OREEY DIFLET D R 7347 DI
BEATY A7 23+ 5 T2l U A 7 3547 R



TE LB 2 T
IPSJ SIG Technical Report

ZMATHZ LT, BEEEYOB X ZEZE LIk
ITHUE A RR B L 77 5.

PIFETIZ, BLF ORI > THAT 5. 2 2 RIS
ik~ 5. 3 BECTHEET DB EHEE S AT HAOBEREREKIC
DNWTIHRAR BT, 4 EBTRET DV R/ = v T OHAD
P ABT S, 5 ECTRES N A ELE LTI LR
R, BRI 6 ETELE DD,

2. BEMR

HEEO B EEIE O 7 O OUERTEIY, ZiLE Thx 72
FRPBBEINTERY, THEEMAERTR, TR7 vy
N~y 7 HAY, TREBERE H D 3 DK En 5.

BB AR T RE, IR B B OER T T LI
KOS EHFRMEOBEFERZ T OER L, ZOHEFE &5
AL T2l — LR E Y & FRA Uil 72 a2 I 5
FRTHDH. BT » TER SN ERNRIE I 5
o TRl T 5720, UTIVH A LEERGELST V.

EORENDG,
Agency (DARPA) Urban Challenge THlZh % X 7= H #hiElA
H[1],[2] CT#iH SN TLOR, #x REBRZMZ BB 5
[31, [4], [5], Autoware[6], [7] 2> H BhiEls 820 )A < 35 A
ENTWS. —J, ZOFRIETOEMZRPEGFEMICIR
ET D72, EHEARETHGE DAL EE LV &0 D FRE DS
HD. O, —OEEOBEMELERERRICOIIET S
7o®OITiX, #%ibd 5 R BlERR T & A G o TR
T5Z EBEV[2].

AT vy I~y 7 HERL, BHHIZm - TEI 0,

AT R BT & EiT (FEESE) SRR, e
KEIRRT vy v~y T NTHIZERL, KT
FIVOARL R S DR L RINRT 52 Lic Ly, BEE

ZlalE L CHMMIZET T 2MEE AR T2 A TH 5.

TR RT 4 7 ADGETHESLI N HFTH (8], [9],

T A HBIEO HENESSICE AT AR S ShT&
TWAB[10], [111,[12]. R, YiaavitEE <, HHE
REE TR 2 ETHE (HEFEFRE ) &4
FEEWIOIRLENDH B, LovL, AlEN S EITHEITHN
DEBETANERBSNTVARNEZD, EIFEEN ERD
LEFPARLEE L 72 D[13]. iz, —ERICRATRICMR D G

The Defense Advanced Research Projects

MR H V4], VAT LOREMEZRIEST 2 Z ENE L.

BOEEGETRSR TR, EfTILE CEE T REKEERE
PRI A—=2 L UTiHMliBE & B L, # OFHGED 5 &
RHETIEERFET DL VWO T Ta—FThbH. NEN
RBRBRGTRE L TE, 7Yy RR—2 R, 7Y
IR ARG, BT TUEIE G XSGR RT HNS.
7Yy RR—ZAEHK SR TIE, A HELOREE 2 KR
DO~y (T Yy Rvy ) TRETHZEEAFiTEETS.
—fRENZ, TV Ry T OKRMIL, EEVMOHFES
PN — LV, BERZTOMEEETTHIED0EE

(©2022 Information Processing Society of Japan

Vol1.2022-1TS-88 No.9
2022/3/8

LEEFMAERRERABMHMIN TS, § 2 1F,
Occupancy Grid Map (OGM) [16], RIIEDRT >y L~ v
TENENT D, DT Y v Ky T BT AR D¥EE AN
—RELIERRTNVTY A L&A L, BHHIZMN > T
S AN e 7o AR BE & BT B [14], [15]. 2o RUE, 8
MEBRETICBW L REMEEZ Ao o 28803 H 2 K,
HAEEMEATHY, FRHIEITEER RS & RREEN
W27, ERMECHENRKEETHS.

TV T R=ARETRT, BEIEONMES S WA
YT T U hs B FHE O @ W ETTEE A EREE LTV
K FRTHDH. £, udlT 4 7 A5HTEBEOH D
Rapidly-exploring random tree (RRT) [19] X°% DIRAE T1E%
HE I A LR 20 [17], [18]. £, T
U v 7 BT T VS - TIREMICIT ) Tl b Bt an
TWA21]. ZoFA T, FrERM CIERfEEZ kD5 2 &
WHEETH D12, EREFEMEZ A LT &0 9 FILE R
bDH. EL, mfFAERT HREIXTE RN LT
Z, KO DUPEDOE OIS HEEE L WS BER S .
AT AR, PUEBESEICHNORDET IV
FRIHEE[12] ZHP0EHEICEA L2 TH L. HRTE
F AL U 7= 50 B 2 3B vk T IREHIENESE 2 VD TR AR o
5[13], [20]. ZOFRUZ, FEMBIEORRE I Uz il 72
fiR% KD D Z EMNATRETSD, FHRENKE L, HIREMtI
o TIHMENRRELLRNEWVIHERD .

Pbo ks, SuEFEoFRIT R —EH D ONBR
Ths. Linl, —RERICE T EIEELdRE Lz
%4, T4 ® ECU (Electronic Control Unit) TERE DTREEER
M LD AR E % 5 &, BHEREREE T b HuE & A A T RE
ThHY, VAT LAORZEMORFNAHE., REPLERR
FHROBHNE IMEM & 7B LEZBND.
REPUEERTRICBWT, ARSh 3 ETHEOE %
Wd> HEBERFERO—20, FHEHPEOR UM L 23405
20DV AT~y T ThHD. REPERR TS
NEFETE, WTNRLHERZOMEEZETTDEED
aA ME (BELLLARX) 2RT IRV~ v T a&HEL T
% (5l 21Z, cost map [1], drivable map [17], potential fields [13],
[181,[21]). L22L, WFho b U R 7 fEoE I ks
MORBENZ X DBRBE I T[], [13], [17], [18],
B L AHMEIEBERIZ L2k LTV [21]. FD 728, Bl
BB AR OB, FEEZ2EPGENERSND Z &
DD EVIRER S D, SCHK[22]-[24)1%, BEIEEY & O
BRI 2R A BR A BB L2 A7 =y TEBEL TS
2, EEFEICEMA LE 0T, MEBE K X7
BERIZED DRHEO -6, 1%V @) e & Ak T &
RWGERDB.

T CARTIE, BEEED L ORI RERARE S
LY RE A AR ARE L T Y Ay~ v FEIRET
HZrEHMETS.



TE LB 2 T
IPSJ SIG Technical Report
3. BEWET—XTIFv

ARICBWTHEET 2 BEEROEET —X%7 7 F v %
L L= 2K 1 ICRT.

Recog- Cognition Judgement Control
nition Prediction

Behavior Planner

‘Control command

Behavior Candid; VEIue§

Traj Pl
rajectory Planner Planned Traj.

ajectory 3 \
Risk map | Path Speed Tracking
generation|¥ Planner Planner Control

Future Env. Model
(e.9. predicted trajectaries of objects)

M 1 HENEEOMERRET —% 7 7 F v g
Figure 1 Assumed functional arch. of automated driving

HE8hEROMRE X, —MRAVIC, AOEERfTENCHE X T 38
#% (Recognition) | #8401 (Cognition) | |5 (Judgement) |

[ (Control) ) THERL S5 . AHE & Y0kt i (e
M%) ICEADEFBINTMERT — 2 2 MArGbE CHE
DD 2 @SB - TRIL, EEROI v v 2
YD T2 D e H B OEEATEN A IR L, # OIS
BRIV A HIH$ 5.

HET —F%7 7 F v T, WL, BHEOEETEO
kg - FEET A PO HATENEHEES (Behavior Planner) &, Z
DATENREHIAE > 7c BARRY 22 B TH0E 4 R E T 2 Pl 31
i (Trajectory Planner) THERK S 2. 1TERIFHEIT TIE, JA
WBRBEICH-S & HHLETE, HMAE, BYEEORERIY
ToVEEATEN O A A R E L, BB 3B CIdZ OEIAT
G > TLREN ORI EIT TR IE A RET 5. B
JEI, 22 EoWBRR e B & R IR (Path) &, £ Df%
B2 R C &0 X5 AREE Tl > T &R /8T A
— X G THERL VD . 22 R AR & R il 2[R R (2 e
DOFBERZEMBILTEDD, BREEZRELTHLL (B
P& FHE : Path Planner), % OfREE FIZI1T 2 E1THE 2 R E
9% GHEEEFHH : Speed Planner), &9 FIHAZH S DA —
BHITHD.

AFETIE, PUBEFIEOREIEICHAT2 A7~y
ExtRETH. Eo, AifgE LT, BBAHNLOATIE L
TUTOERPFHFATRETH D LT 5.

HEE®R . BHEOEES

EEMEHR . RSO, 8, EHE, Bk
FEEYOTER . FEEY O TRHLE RS

7Y = 2= 2 EH . EEKEEE U CETT TR IR
BRI

4, BEBSFAIYRIFEMAKICEICIRY
E& WA

AT, RRRIE 722 28R AR 2 B8 L 72 WuE R & W HE

(©2022 Information Processing Society of Japan

Vol1.2022-1TS-88 No.9
2022/3/8

EF DD, FULWD AP TREZERH 4340 U A 2 3F
iRy WCESL VR~ TERBET L. AETIE, 2
RHROFEMHONWTIER S,

41 REFXBE

WDV AT~y 7DV AT FMGTIT, HROBEE

DR B CZE I T D A hic U 2 7
ERETD LN ORERNRBEZFHFTHD. BEHOHS
FHERL T AZZ2HHT L HFAGREINTVDN
[18], *F&EEZI) 6T ERH OB EFM I LTI A7 %
BETHHEDTHS. F070, FlziEEEIcBEid 5
EWMOLE, VAV EZRFAICEE TS LIy, BE
DOYERBRZAETL2ER & 20155,

—BlEX 21T, ERIEETY—rO—fITHDH. %
] ZHARIC I\ C B B AT OBREAESTREIZ, xha 3
R 2 1A L e A DR OB A T L S5 L LT
5. ZOV—IZBWTEHBESEYOBEFFHEICT L TY X
JEEET D E, AROX D ICHEOETHLEFICY X
IREET LI oM T S (D@). Lanl, Q@D W
nt, BELEUEEMNBELZA I TIZEZERDHY, &
BRIZIIHEZE L. DF Y, HELHGoTWRNY X7 R
KHINTNWDH I EEERL, $UEFWE CIXZN D5 % Bk
L &9 &ET 27200 R AR EFTHLE 2 Ak S B fakiit
NH5.

Example Scene Example of conventional risk map

D

LI TN

LT
S—m . @

Expected future driving
range of other objects

Expected future driving
range of ego vehicle

2 PERGAICBT 2BEED U R 7 KIHORER
Figure 2 Problem of risk representation of moving objects

in conventional method

Other
Vehicle 1

[iE. : [!I!E§;1Vz):
(xy, v?:h:\m

Other ™,

& Vehicle 2
Time-based probability Time-based probability
distribution at (x;, v;) distribution at (x,, y,)
Ego
P / Vehicle
Other
Vehicle 2
0 0 +—
(Present) 5KV t (Present)®ar® t

3 WPZEMGAT Y A7 FE RO a7k
Figure 3 Concept of temporal-spatial distribution risk

evaluation method

Rk L, RET DRFZEM A Y A 7 5t T o = >
7 hEM 3R T. ASATIE, BERLOZEM AR



TE LB 2 T
IPSJ SIG Technical Report

L7270y R o 7OEEMICH LT, Skl HED
FIE LG DM OS54 &, A REYD? Uizt ST LG
LR OS5 E OHELSTY A2 23+ 5. HENRZ
OHLFICEET 2 RS & O BB E YA % O HRIZ F
ET ORI A E L > TV DIFEHET LU 27 R3E L,
SEELCHEENDIZEHRET D U A7 MR E W5, B
MBI REEMR A ZE LU RV AR ET D720, FEHEIC
L7z A7 EENRAREE 2D ().

RFZ2ff oA U A 7 T E S U R 7 < v TG0
HiL, UTORAT v 7o Iins.

(1) BEFERFESAM~ v 7 DOERK

(2) BEEMIFAERL A~ > 7 DERR

(3) VARIZEDOHEE

DB DOHEIiTH AT v IO Tk 5.

42 BEFEBEIMYY TOLER

AFXTIE, 7V v Ry 70K LMITEBWT, HEE
OB EWNIFE LG5 R 2 i 5. 2 2T, [{F7ERE
1434 (TED: Time Existence Distribution) ~ v 7] &9
BEEAZEATS. TED Vv 1L, 7V y F~vy 7 Eo%kt
MTEWT, 88 (BELHEEY) S UEAEICHFTE L
Bomm oA (FFEREEGA) 2RELTZ D THD.
HFEREISAE, Fam Bk, WS BB B SR o fE
EMERSMEBERT D, L L, ERSMTIET—2 KB
LIEHE GEHALT 2720, EEMNICRD 5 0BBENTH
5. FZCARWTIE, YEMLEICSEMNEET DL ETO
TARRER Treach &, RIGRENIE L T DREUNEZIE Y K
1T % E TOREH Totay IS X, [Treach, Treach + Tstay] & VO 9 IRf
&I CEHT 5. ok, FLEEFEDOLEIL, #Etr

\CHBIEET D 2 L ISR D720, [— o, +o]BM SN,

HWTC, BEDTED <~ v 7 OARK FTIEICOWTIAT 5.

METDHIVAI~y 7, BEOETPELZERT D &
DHBTHL72H, TOFEOPBELZARETHILILT
T, FOD, TRTORNMNEICKH L CEIET S A
REMEZZE Lz TED ~ v 72 4EMT5 L0 77 u—F
BED.

Driving Distance
Dist(x, y)

Angle &

Steering
Radius r

(0,1

4 FARHIE R, Ik B ARE TS
Figure 4  Assumed driving trajectory towards relative

position (x, y) evaluation method

(©2022 Information Processing Society of Japan

Vol1.2022-1TS-88 No.9
2022/3/8

HED D OFGNE (x, y) (2% 5B TAERFM Treac
X, BEUNLE F COERERE Dist(x, y)Z& HHEOMBEHE v
THET S Z & TEE T 5. B Distx, y) & 1%, H
W OEIE T N EZE LA ESORERKOR S &
. AT, e RBEREABZONDN, 2
TIEE 41273 F L9108, Fba%E (0,1) I2FED, (0,00 &
O (x,y) Zi#25MNCIELT 5.

ZOMILEEEATT 585G, EIRERE Distx, )T T O
HRIZIVREEETHD (HL, 0 & y)IEE )b
Mo i) .

Dist(x,y) = r(x,y) X 0(x,y)

x*+y?)
T i 0

OHEXICEVHE LEREHSEY ) v R~y 7 ki
FHLI-HOEK 512737, HEEE 600 X400 TIE 10cm O
7Yy R~ v 7 ECHE LSRR Dist(x, y) % & C Al
fELTWA. Z OERIEEE Dist(x, y) i B B D> 5 O M L&
xX,y) WWHSEHETEHDOTENFHENTRETHY, F
VEAALAETIEINGEHEOMERE v CHRET L2 L
2k, BEDOTED v v 724K T 5.

600

X
X arctan
r—

500

400
40

300 2

[0.1m/cell]

24
200f

Longitudinal Cell
Driving Distance [m]

100

9 100 00 300 400 9

Lateral Cell [0.1m/cell]
B 5 EHREREEE~ > 7
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(a)Detect a parked vehicle (b)Decelerate

(c)Plan overtaking trajectory (d)Overtake the parked vehicle
K 8 HBHL— G EiEiEE)
Figure 8 Scene of overtaking a vehicle after on-coming

vehicle passing by

(a)Detect a slow vehicle

(c)Overtake the slow vehicle

(d)Go back to own lane
B 9 HmEE S — Cof ) s T

Figure 9 Scene of overtaking a vehicle before on-coming

vehicle passing by
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