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Abstract

This paper presents theoretical research on an optimum transition curve with a smoothly changing curvature using a multiple
clothoid curve for improving the occupant ride comfort of automobiles when vehicle changes a lane from a traveling lane to
a passing lane. In the first report, a three dimensional vehicle occupant model was developed, and the multiple clothoid curve
was proposed as a new transition curve. In the second paper, application of a newly-developed multiple clothoid curve for the
vehicle turning at an intersection was reported. In this paper, application of the multiple clothoid curve for the vehicle lane
change is presented. The traveling path from a slow lane to a fast lane consists of the combination of a straight line and an arc
of circle. At the connecting points between an inlet straight line and a circular arc, or between a circular arc and an outlet straight
line, vehicles cannot run smoothly owing to the discontinuity of curvature. The discontinuity of curvature at connecting points
makes highly precise control of apparatus difficult. Then, the smoothly changed curvature of multiple clothoid curve is applied
as a transition curve at connecting points. Four sorts of lane change which consists of various combination of a straight line and
acircular arc are investigated, and the validity of the application of a multiple clothoid curve as a transition curve at connecting
points is explained. According to the prescribed analysis method, a three-dimensional vehicle passenger model is applied and
the validity of applying to a multiple clothoid curve is quantitatively demonstrated as compared with the case where a
connecting point is not interpolated. It was found that the influence of multiple clothoid curve on the vehicle movement and a
ride comfort is superior to those of the non-interpolation. Some results are presented in the form of parametric plots.
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1. #

ENHEEREOCFEEHOERK R E DO — 7%, H—TITEAT DB, A7 vy N, N, i
7 m Y A Rl KOBUHERS 2 E 2695, EEAZOL ) IR IS LTWIUE, BliX, 1—7 %
BINTETTHZENTE, REDOARPIEAARIT 2 Z L3ATREL 725 (McConnell, 1957). LanL7e3 b, itk
HDAZFER T2 813, BT & PRI K OMLHERE O 2 CHER S 4y, A7 1Y A Flfifiids JOWiH 7
YA Nl 2A LRWSEERE . T &5 aa, ARG & FGIES & o Rl J OGS & e
BRI & DRI THIEERPAEFE L 72 0, BT HNIEITT 5 2 LA TE 220y (Malcolm, 1979) . £FIT,
HEEEEDOART T ) o T EAED SHRROEIEE TR > CTAT 7 U o VEEEAT O i R 2 5k L7z i (O
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Heftt, 2015) 1%, HEOIREIEGE LALE L2, REORPENHETZ L1702 (LM, 2013). BHeAlc
B B MiROARE e, B LS O SREE ORI A2 L < 5. SR TS, HE ORE) 2 4]
Hi95 &b, REORPREA T2 Z EIXEETHS.

Z OFEICKIT ARERO—TiE L LT, FEEOIE, F 1 (LA, 2017) TIE, —RocHE - 3 E R
Wro AT DB L, BMERT 2356 OFoi A1 TR 2 HEE L, 3iC A LIET RIS
TRLT. B OB E LT 20K TR IR TEIHMOLE S vy RiiaER Lz, Bt
MMOEE, H—ra YA iR CHE LIZBaR Sl L, s oY A RO OV TRLTE.
IHIZEE 7 1 YA RO ABLO K/ Na R /37 A—F OFBIZONTHR LTz,

B2 (ILUAM, 2018) TiX, ZAFEEHERI~OMAIZ OV TR LT, 2375 SN O B HER] T EAES & Mo
MAE DR TRANORBU E T—#HOER & 72 5. BT & FIEROFE A~ O E DN S 72 DA AEITRED
FEIRRIE 2 fE 2 B0 L, BegimofEmhiil LTEEr v Y 1 FihigZ2 8 L CashitE2 R LTz,

A TIE, BRREFEA~OBEAIZOW TR, HE O /2R B A7 BRI~ O RIS T O TR KRR & P50
FROMAE D OIEF) & 72 5 HAS & IO &« O ARG 72 5 BREE OETRE 2 4 FEELD BT,
BHgimlc iy a4 Nl A mEm L CEMEZ R, FEE LT, AR (LA, 2017) TRAZE L7- =W
B - ESRMNT S AT L&A L, BHAONIERMOGA L L TEE Y 0 v o1 REROAHIEIZ OV TE
EIIRT

2. ERTHEA-RERBIOATL
2-1 ZRTE[ETI

KR THAT D BT EOERITRDOLEBY LT5,

X, y, z: HEKELOFI%, £f, BTN REM 6, 0, ¢ BEKELOT—LA, EyFf, =3—F

Infl, Imt, Zme3, Zmes © BUBRZC, BUMmA, R, BWAOITHATEREO ETEN

Ze, Oo, @o: T2V DLETEN, VvIf, u—/Lf Xo, Yoo Zn: FEIREEIORIE, EA, ETFHRZEN

Xn, Yn, Zn: REFORIR, A, ETHAZEMN f, g REFETOR—LA, By T

Fao Fn XA YIHERT D%, #7)  Fu, Fin 1 78RN, VTV a Y OERT)

Fo, Fom : 702k, UT XA YOIERT] Fan, Fam : T U2 &EHARRIORTRT, #%iSOIEMT)

Fan, Fam : 3B & BRRIORT, %REBOMERT

Wi, We, Wi, Wi BT8R, A, Rim/s, #imb o2 A Yo LT HmANZEN

B, B HIEBIOF A YOS RO 6 AifmERfe A )M

R: BAHCSOREEREE Vo ETEE g BONEE

WAT n=1:@iwk, n=2: mifmh, n=3: %k, n=4: BmhE%zr7.

AMFZETIL, Al (LUAR, 2017) CHR¥E L7z kot m-REE T V2T 5. BAR L 70 2 sl (V611, 1993a)
RFEEH @R, 2011) OEARET WA OFEEEZ AT HET NV EZHEA L. A CHEAT 5 ZkooEl-EEE
FIL O HOWTERHT 5.

B 11X, =ROCHEWET VERT. BERIIAFEERE T 5. HlRIE, &R =Yy, Jrr el
DIFR VEETHR SN TWD. BRI ET, 4, ik, EyFry, vn—0 78l 0a—1( v /iEd), =
VUIET, ByTFrrBl0n— o rEE), [TRTMERIXV e NEA, VT EADETEEEENEN
EEL, HlRIL 1B HHEOET LTS, XA YL, FREL L —TET LTS, (TR EEEEITRTE
BOME, EREF U R—BIOV A v g RT7 V7 a a2 EE TS By F o IEEO LT HARED
MO FHIZHOMEIZE y F U VT HLERET S, 7ar IO 7 OBEREEE ORISR, BA b
A B — RITIRIE LTI E 2 B89 5 (WL, 1993a). A>T a k7 U7 va v hiconaTi, EH
NEEA N A — ROBBTET (FEL, 1993a,1993b). Hiljdor— U > 7EE) X EARELD D FHIZ He D)L
Blon—V o FEBOEEEFLERETD. UV UI NI UAI vy a v EEDELOEL, Tarr YT
OEF Ao Do~ T s hEFEREZIERE X =T ET LT 5. BEORE Y LA BT 5720121,
TV DEI G DI ASLETH S (FEIL, 1993a). HEAGEEIT D & E O EZRE LSBT )
2, EO X A ¥ET /LIE Magic Formula % A Y7 /L (Pacejka, 2002) # 9 5.

X20%, FERIEE L Bt s, BUgY AOBMRE R L, D AEmET VA RT. BIAORIEIESR, A

[DOI: 10.1299/transjsme.18-00468] © 2019 The Japan Society of Mechanical Engineers



Yamamoto and Nishiyama, Transactions of the JSME (in Japanese), Vol.85, No.873 (2019)

), 3—o JES), HKRELOMIBY A, &% A VIEHT 28080 M4, mitk), #1782 R7. FERPEE
& AR ORISR OBFRIZ OV TR GIE, 1974) . AT 2 Bl RO 5 OHH & 3R Tk
WwO(LARM, 2017) O&EBY L35, ETFEREPERR L EREA, D AOBMRE RO 2 BRI AW R s OE
M &S K OMALIERTH (LA, 2017) o LB0 &7 5.

Fig. 1 Three dimensional vehicle model. A vehicle model with six masses has thirteen degrees of freedom. The tire model of vehicle
is applied a Magic Formula tire model.
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Fig. 2 Geometry of a turning vehicle.

2:2 =ZRTERETIL

X 31%, EEET/L @A, 2011) ZoRd. FEIIIRMREE & SR oOE 2 x5 &35, IR J OIS
PEEA L, SHEREREE O LT AmRiEa s £ o= 5. IRREIIEENEO A Ps & ORI, Bitk, &
FEBIOETOFEREZ A= oX A2 BB+ 5. S bIRETIC LT, BT, fitg, ZAA0ERE S
PrlEIVZe—) » ZBIOWM P AV Iy F o VB E AT HET NV ET5H. HENHOERES)Z 58 L7 fif
WrCliIRBOLELATBOES 2 fJREL T2ETANMETHS. AR TIE, IR FTEHOXEAMIELZEZD 2
LA XY, RUESAAUEERS, RATRIEESS, BECEERS, AR e E AL BIC I DINE DN E I ATRE R
AT LET D, REET NVORENMEITRIG/CE 1, AiAZ 2, %A Z 3, BIEA%Z 4 LT 5. BT ¢k
No.1 (2B 1) et EREREZ /RT. AR CIEEEAE OZENIIKR L CRE OFEIEE LT WET Ve L, BRBIX
AT AT DICEK L. AR THEAT AREEF VO EOESR, BB LU %IIaT (LA, 2017)
DEBY LT, YETNMIFERT —F LI L CEEAR COMMBOTIRAZIT OGN LD THDHH, Kk
T S 2 R EE R I SR T ey (LA, 2017).

RER % T 1S R TEN 21 5t 2 B RO YIMIERE CH 5. BHERICL Y 4250 1
BTy R e U CRUERNT 5. 815 L LT Runge-Kutta-Gill 12 X 0 B 2T » 70K LR & Z Ofi%
BoflzRD 5. FHREE SHMEIX 0001 B & L, EEFFEIIMHEECITY. AR (LARMh, 2017) TR L=
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RICHLM - SRECRINT S AT LFEESR DB Lo Of, @IS, AMEUSERER S Tle OBGEER F2h LA
DMt LT, —RTOFFHIZRE S WRETH W BT 2RE LA T 2ET VLV THL LR LT

W I

Fig. 3 An occupant model with two masses has eight degrees of freedom.

3. HEMshiR
3-1 EERADOEMLEE
B 4135 A B, CEFRTHED~ORKA T, ABRBILERES, BCREILEER OMD 440 1 O
B, CD MIXEARE L 9%, ABBOMHEEA Ly, BC MDA Lo+ls, CD DA Ly 4%, £72, OI1%H
JRDOHLNERT .

A B

Fig. 4 Traveling route with an inlet straight line and a circular arc and an outlet straight line at connecting points B and C.

3-2 FHMDHE

4 TR AR TR X5 L7 s, FRENEERRE Ehiddh A oRd. PR OfhEIT UR=2Dg & T
. EARE MM E R L7z, T72b b BB EIONC TIRHIRIZ 0705 2Dy & RNERHICAZLTH. ZHHDM B
°C ZH 2 E @Y 5 &, EROAREGHED B H O W 2 R OB L IR L < 22 D,

1/R

2Dad

L > Ls Lq J

Fig. 5 Curvature distribution of traveling route for non-interpolation.
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S OB R L —DWEE L 20, WY TIIR DA THET S 2 L1275 (Hifh, 2010), (4, 2012) .
5027 £ 9 IZH BB LU CIZIWTHIERA BRI ShEIZ (T 256 2 A (Non-interpolation) & #79-.

3:3 ZE/AVA FER

613, AiB =X C COMBORERMEAMET 572012, #i#E 07225 2Dy F CTEMEHICELT D K51
TRLELDTHS. K6IZHENT AL B &2 WIER CIZBWTEBMOEROABLO RN e R T /RT A—H
ThD. ABRIVEEEEROARIT NS 225, XIIBEEEHZ R KIORT L0 CHlZ L, L, L, L
EB<, KRBBIUWRCOMMZ Y Li<. #iFEZ IR=2D4LT 5L, WATEHRSTZLNTES.

*

Y = Dy + Dy tanh( 2 X) (D
Aq

ZZIZ, 0L X<Li+L, @i}%{i\ﬂi X=X;— Ly, Li+Lo< Xi<Li+lot+ls+ls @i}%/ﬁ\ﬁi X:—(X|—(L1+L2+L3)), Aa*:K*(L2+L3)
L35, () ITBTDANTAREIRET 537 A—FThY, KEaitris+25.

1/R

Fig. 6 Curvature distribution of traveling route for a multiple clothoid curve.

Fiz, X (D) TRENDFRFEL, AFFRICBWCHHICRET 2GR TH 5. X (D) 13T
AREZRBEIEA T H Y, BEE L - ERR A MNTIIICRD D Z ENTE S, KeIRT £ 9 ICEBB L UCIZB W Tl
FHRE O TEFEICE LT 2565 %8 7 1 Y A Rl (Multiple clothoid curve)  #79~. I =2 L—3 3 Ufif
Hrclx, fix OFRpEZBEEERT 5 Z ENEEND. thZRO REGHEZARE T 5 72 OB & ML, P90 E F50,
FIAI & EHR AT 2 88 Z OB AR & U TR T IUS B TRIE O #h 2R O AE g AN T & i~
ONENHFFCTE D (Yamamotoetal,, 2018) . 7=, FEFAIHhIR 2 & 1Bl THEIE 2 Hli AT T9 2B O EFTREE O
BIEPEIC DWW T BRI/ R, b TR Th o7 (WA, 2017).

4 HBREE
Kahya © (kahya and Schmidt, 2017) 1% 2 #fy#iE7 /L2 L CHARELIZRET T 217> T b, RO
NEBE B 7 = Y o Rl L, PGS & M5 4 AR Tt L 7o I8 2 2t L L TIRIED/ ST A —4
AR EET, BEABFT LTS, BFANRY U TV TRARENITHE T& 5723, HEIEHOE R
BOXAFI IV AETHEFTHZ LILTE 0.

4-1 HEREROER

71%, EEHENOEREBASL—F = o U 5EEZRT. ROBVEEEZ D, OBV EREL L, GER
Bex R, EEPEEOMIMAEZ 6, EATHEZV &35, P b Psiddimm & U, I PPs & 5L PsPy D FRAENE
LLWET D, 2D OICIFRAD LT 5.

2(R-Rcosf)=D 2Rsind=L 2
MR R &R0 BV BElE L 33 L OV 0 [IBE D 25 £A4uE, MEAE 0 1IZkANHRO D Z LN TE S,

sin #=L/2R cos §=1-D/2R 3
%72, sin?0 +cos? 0 =1 L V) (L/2R)(1-DI2R)%=1 3k W Si>D T, R, D, L ORUTIFRAD KLY 5.

R=(L%+D?)/4D @)
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Fig.7 Lane change connecting with circular arcs.  Fig.8 Lane change connecting with circular arc and straight line and circular arc.

8%, MIMFICEMBAEFFA LK EZ 7. ROBVMNED, FEOBVEBEL ERPEERY, ERPERO
MAMARE  ORNIIFRADENLT 5. 72, Pub Peldumimm e LU, ML PPs, EHR PsPs, 5N P4Ps D FEEfEI X 4%
LWET 5.

2(R"-=R’cos@) +L,sind =D 2R"sin@" + L, cosd =L (5)
ZZUZ, LmlFHER PPy & FAL P4Ps FICHRA T DIERR PPy DR S Z2ovd. K (5) LV RADBGEOND.

VARZ 4L, 2sin(@ —a)=D-2R" VARZ + L, 2 cos(6" —ar) = L 6)
ZZIg, Sina:ZR*/m cosasz/m &I 5.

X (6) Zsin?(07-a)+cos?(0™-a)=1ITRAT D ERADBETELND.
((D—ZR”)/MT+(L/M)Z:1 w)
A (6B), (1) FvrAnFGons.
R =(D?+L*-L,%)/4D sin@” ={ 2R"(L-L,)+DL, }/(4R™+L,?) (8)

Zo2T, W8T, ML ERHOESZELNE LTWAD TR =La BT 5. F7-, & (8) Dsing'%
WERE LE 2HETERET D, TLC, GOSEULEZAKTD (C0<K1) ERAEES ZLNTED.

R'=(D?+L2)/(4D+6)  1/3-R'6° +(BR" =D)9 -2L =0 (9)

F£7-, 01ED, L RICHELTHBO TNSWI LE2ZELT, X (9 1ZEHICRAD LB iR {bTE 5.

R"=(D?+L%)/(4D) 0 =2L/(6R" —D) (10)
X (10) OREFEX @) IT—%T 5. KX (10) LV FEVB Y MES L OESED, L AR EIUTERPEE RS L O
I O ZRETHZENTES. Lane change C, DIZBWT (10) 76BN 5T 9 »HELND
L HHE LT, g12B L Ti% 0.01~0.05 %A= TH 5.

4-2 WEBHFICANSL—Y

UL, A CTHRFTT DL —0F = o DICBT D ETREEZ R~ ETEEIX 100kmh &35, OB IRIX
Emid5. BEMAEFALCIIREVBYES L=1573m, JEREPEER=12384m L9%. HHZEHE B L DIXEVE
RS L=704m, FEREPEFER=249.0m &35, ZTOMOMEHICEAETOR S IFRIORT LB 75, KT71%, H
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R P1P2, FI5IN PoPs, FI5IN P3Pa, [BLER PaPs 28500 L 7R 2R, £, 8 1%, FHN & AN I ERR A2k L
TR E T, 705, EHR PP, UL PPs, EHR PsPs, HILPPs, EHR PsPe &1k LTI CTH D, 71z

KT X DI, L=157.3m, D=5m DANE, FIERITE (4) LV R=1238.4m, MIAE (3) LV 6=3.640 °
Lh%h. F7-, L=704m, D=5m DAL, R=249.0m , §=8.130 ° t 72 %.

Table 1 Identifications for lane change.

Lane change A Lane change B Lane change C Lane change D
V =100 km/h V =100 km/h V =100 km/h V =100 km/h
D=5m D=5m D=5m D=5m
L=157.3m L=704m L=157.3m L=704m
R =1238.4m R =249.0m R"=1238.4m R"=249.0 m
0=3.64 ° 0=8.13 ° =243 ° =542 °
P1P,=39.3m P1P,=17.7m P1P,=39.3 m P1P,=17.7 m
P,P;=78.6 m P,P;=35.3m P,Ps=52.4 m P,Ps=23.5m
PsP,=78.6 m PsP,=35.3m P3P (Lm)=52.4m P3P, (Lm)=23.5m
P4P5=39.3 m P4Ps=17.7m P4Ps=52.4 m P4Ps=23.5m
PsPs=39.3 m PsPe=17.7m
Vv APs vV APg
P, Ps

oK, HIloE & PPs X,

R=12384 m @ & & 2xRx3.64/360=78.6 m,

£7 R=2490m D & &

2 Rx8.130/360=35.31 m & 72 %. HARZEHE C, D 1EX 8 TR PPs & FAN PaPs DRI T & 5 ICER
PsPs Z4E AT 5. FlE EHORE XXX 8 128 T, Il PPs=E# PsP4=HIL PPs &9 5. HMETE C DFE

IZHAN PPz D X 52.4m & 72 2O CTHILAE §°=2.43 °©

LA, E-EARETE D TIEMIL PP OFE 73 23.5m

THHOTHIMASE =542 ° L7025,
0.005 0.005
0.004 (o T Lane change A _ 0.004 \ e Lane change A __
e Lane change B 0.003 e Lane change B
_ 0.003 : Lane change C = 0-002 | —— Lane change C
£ 0.002 ! ——Lane change D - § : l 1 ——Lane change D
< 0.001 ' S < 0.001 8 —
@ N e A 0
3 ] 3 ] M)
S .0.001 40 i 80 196--1-160-—-200 2 S -0.001 40 : 80 120----160 -/r;n 240
3 -0.002 : 3 -0.002 '
-0.003 : -0.003 ' |
-0.004 : -0.004 .
-0.005 -0.005 -
Distance (m) Distance (m)
(a) Non-interpolation (b) Multiple clothoid curve

Fig.9 Comparison between the multiple clothoid curve and the non-interpolation for curvature of lane change.
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F LIZAFEOBEREFIZOWNTOR LA RT. £ LIRT X I, HHELEE AL, V=100 kmh, D =5m,
L=157.3m, R=12384m &4 5. HHAEFE B X, V=100km/h, D=5m, L=70.4m, R=249.0m &9 5. HHALEH
Cl%, V=100km/h, D=5m, L=157.3m, R'=1238.4m, Ln=52.4m L7 %. H{ZH DX, V=100km/h, D=5m,
L=704m, R'=249.0m, Ln=235m &35%. 61T, HMEMT CIEBEE oMY (LA, 2017) 2#HET 5.

X9 1%, & LIRT 4 SOFMEROETRIEO M Z/RT. KoM IIERE Mo E 273, XK@
PR OREFNE R M O, X o) IXEER R OB N EI#R N 2 7 1 v A REfR OGS % Z N EiuRT .

5  HIEMEAHT
K URT AOERZAET G LT, B e ML, MElE P, EfE ML, P& B & OBt mofEm
MRS IERIHI D5 & 27 v Y A FEBROGEICHOWTHRETT 5. ZIRocHil] - RERMT S AT LOH D
FRFABTEMEIZ DU CIERTER (LA, 2017) & [REIERICH O B O Chfgad L7z,

5-1 EEFEA

F VIR B AT OV THERLR Py, Ps, Py OFEFIHIER S IEMIRI D6 & 27 v v oA RifROSE1Z>
WTHET S, BHlOETHEEIL 100 km/h &35, S SICKEOMMAEEETS.

B 10 1%, BRRAEE A QA RS, KO TR, AREIIEEA ST, X 10@)1E, BELRIERIRO% A
DO E R X 10(0)1E, HHEENLE s 1Y A FfEOGEOMREZ RS, X 10()1%, a0 IEfMEThH
BHI=2IZ, BHLSICBT DHRAAERE 20D, — 07, B10(b)iE, HEGEA CORERMBhIRAZH 7 v v A R
Fafoe L TN B 7201, HEBLR O RIZIZ IO CTHE B ITEFANC 2 L LT AL IS O 4813 12384m TH DT,
FANER o =13 0.0008 (1/m) & 72 5.

0.0010 0.0010

0.0008 0.0008

0.0006 0.0006 If \
£ 0.0004 £ 0.0004 I
2. 0.0002 2 0.0002 V)
£ 0.0000 . . . . £ 0.0000 : . : :
§ -0.0002 40 80. 120 160 200 240 § -0.0002 40 80 120. 160 ?ﬁl ,,,,,, 240
3 -0.0004 3 -0.0004 |

-0.0006 -0.0006 ¥ y)

-0.0008 -0.0008

-0.0010 - -0.0010 -

Diatance (m) Diatance (m)
(@) Non-interpolation (b) Multiple clothoid curve

Fig.10 Comparison between the multiple clothoid curve and the non-interpolation for curvature of lane change A. The radius of a
circular arc is 1238.4 m, the curvature of a circular arc is 0.0008 (1/m). Curvature changes smoothly continuous where the
transition curve in a connecting point is connected by a multiple clothoid curve.

X 1113, HEEELECT D X, y, z FAIEE ORI BT 2 5 RAE R 2~ 3. XIOMEITNERE, #
WX 2o g, 1)1, BEE R IERIE OB A DN DO REZE % 7~ 7. 11(b) i, HERLENLES o/
A PR OEE ONNEFE ORLIE AR, B EONLE X, z N 38 S0 IR OB E L SE s o Y
A FHRROBGE DO ZERITZRD G20, y FIAIEEILE TR OMEN R 2 0 TET 5. iR OfEm
MR 7 1 Y A REROBEAIE y FTANLEE 139 S NCHERE LT 5728, FERIRIOSA 138 S 2 @il 28
PEARREN TN D, T2, 2 FAIEEOMEITEEOMNMER LIzb o B2 b,

12 1%, EWBEMIEICST D X, Y, 2 fhiE Y ORI 2R3 KOG IRGRRR, e A
Zond. X 120, BEHAOIEMEONA, X 1200)1%, HHES OB ZE Y v Y A R oOSA %2 Th
ZHURd. X 12@n T IEMMOHEAE, B E P, FOLE HL, 3 KON & BERR OB & diE T 5 )
1.40 ¥, 425%, 7.08 hirfhCldv — A AIEEITRE < BbT 5. By T AIEE S v —/VIEB)C X D FFRE S
AUCHIEHEE IR & < 72 %, S—AIEEDZITIEE AL RZ T bt M I120)\RTLE 7 oy A N
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Fig.13 Comparison between the multiple clothoid curve and the non-interpolation for acceleration of occupant body.
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Fig.14 Comparison between the multiple clothoid curve and the non-interpolation for angular acceleration of occupant head.
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Fig.15 Comparison between the multiple clothoid curve and the non-interpolation for acceleration of occupant head.
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Fig.16 Comparison between the multiple clothoid curve and the non-interpolation for curvature of lane change B.
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Fig.17 Comparison between the multiple clothoid curve and the non-interpolation for acceleration and jerk of vehicle.
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Fig.18 Comparison between the multiple clothoid curve and the non-interpolation for acceleration and jerk of occupant body.
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Fig.19 Comparison between the multiple clothoid curve and the non-interpolation for acceleration and jerk of occupant head.

5-3 EHEEEC

HRRZS T CIZDUNTHERLA Py, Ps, Py, Ps OFEFIHERANIEAH & 356 & 27 0 v 1 Rl DGEIZ oW T
BEtd 5. EHEOETEEIZ100kmh &5, SSHICKEOMMNEZET 5.

X 20 1, AT C oA /R, KO L=, MilIiERiZ <. X 20@)1%, #EhandEmmons
OGS ZRT. X 200, BERAAZE T 1 Y A RIROGEOM#ELZ R, X 20@)1E, B IR
THHIOIZ, BEFSICBT MR NREGE 705, —J7, X 20(b)%, B COEMliRN%ZE 7 10 v 4 Niih
FRCHERE L TV D 7201, #2E SIS B W T B NTEIICZ (L LTV 5. O 41211 12384m TH H DT,
FIER o #h=R13 0.0008 (1/m) & 72 5.

X121 1%, HEREMIEICBT D X, Yy, z FEIEEORZIREICEE 4 25t SR 287, oM, 4
B A2oRd. X 20a)iE, BERLSASIERI OBA ONEE ORI 273, X 21(0)1E, #EmngiEs a v
A FHIBROEE ONEE ORFZE 274, Bl EOLE X, z 7R (e N R OB E& s £E 7 o v
A FEfROLGE OZERITFRD S0,y HFRIHEEIIEI TR O MR 5 72018 kT 5. Bfim ok
IR N ZE 7 1 Y A RHFEROEGEIEL y FIIEE 308 O NIHER L0503, FEFR 0% A 138 m & il
TENLDRRELIN TN D. F, 2 FHIEEOEIXBEOMMMIER L2bn EEZ 6D,

(422 1%, HEEEEICST DXy, 2§50 ORERANEEZ7R~3 . KIOREIIERE, XA
oy X 22Q)0%, HERLAOIERIMOWS, X 220)1, B OB ZE Y v Y 4 RS % 2
ZAURT. ¥ 2@ R T IERE OSATE, B E PO, FELE AL, 38 KON & ERR L OB S A s 5 R
% 1.40 70, 3.30 %), 475%, 7.70 BhirfE Tl m — A AIEE IR E <AL T 5. By FAMEE S v — LiER)|C
EOFRINTMHEIIRE LS 25, I—AIMEEOZEITIZE A ERZIT b, X201 %HE7 v Y
A FHfROGE b RBROMEM 2R LT A28, B S L, FELE FI5L, 36 X O & ERR & O8RS & s

[DOI: 10.1299/transjsme.18-00468] © 2019 The Japan Society of Mechanical Engineers



Yamamoto and Nishiyama, Transactions of the JSME (in Japanese), Vol.85, No.873 (2019)

BHIEZ 1.40 70, 3.30 B0, 4.75Fb, 7.70 B Gl o — AR N A X < BT ARz T S e, By
FANLEE XIEFRIOSHA LRI e — /VEENC L VBRI TEMN L TWD b0 EEX LD, I —fAIEE
DOEAITIFEE AV ERZIT B,

0.0010 0.0010
0.0008 0.0008 [ \
0.0006 0.0006 ’ \
E 0.0004 E 0.0004 , \
< 0.0002 < 0.0002 ] \
£ 0.0000 : : : . £ 0.0000 : : . : '
§ -0.0002 40 80......120..| 160.....200.....240 § -0.0002 40 80..120_\ 160200 240
3 -0.0004 3 -0.0004 \\ ’[
-0.0006 -0.0006 \ j
-0.0008 -0.0008
-0.0010 - -0.0010 -
Distance (m) Distance (m)
(a) Non-interpolation (b) Multiple clothoid curve
Fig.20 Comparison between the multiple clothoid curve and the non-interpolation for curvature of lane change C.
0.8 0.8
——Vehicle- ——Vehicle-
06 e Vehicle-x 0.6 | e ehicle-x
- —Vehicle-y —Vehicle-y
& 04 N & 04 o
= Vehicle-z @ l Vehicle-z
E o2 |y , E 92 |
c c
-% 0 le= .uan-dq-\.gtkrb?ﬂ’w A= oy ] -(_% [ .u\aL.n-qug, f‘“?‘ N SN, N L P
o 1 2 3 4 5 6 1 8 ) 5 1 2 3 4 5 6 1 8 )
g 0.2 D02 fr e 2 \ ’
Q Q
£-04 £ 04 \ l
-0.6 -0.6
-0.8 - -0.8
Tim e(s) Time (s)
(a) Non-interpolation (b) Multiple clothoid curve
Fig.21 Comparison between the multiple clothoid curve and the non-interpolation for acceleration of vehicle.
0.2 0.2
. R —\ehicle-yawing
% 0.15 % 0.15 ——vehicle-pitching -
E 01 E 01 Vehicle-rolling
-§ 0.05 ({1 .§ 0.05 |--f-f-f ﬁ ' &
o ©
a 0 < 0 A'rg
Q ] ‘ I )
E _ —
g 0.1 % -0.1 |
5: -0.15 - ——\ehicle-yawing ——Vehicle-pitching - g -0.15
Vehicle-rolling
-0.2 - -0.2
Time (s) Time (s)
(a) Non-interpolation (b) Multiple clothoid curve

Fig.22 Comparison between the multiple clothoid curve and the non-interpolation for angular acceleration of vehicle.
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Fig.23 Comparison between the multiple clothoid curve and the non-interpolation for acceleration of occupant body.
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Fig.24 Comparison between the multiple clothoid curve and the non-interpolation for angular acceleration of occupant head.
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Fig.25 Comparison between the multiple clothoid curve and the non-interpolation for acceleration of occupant head.
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Fig.26 Comparison between the multiple clothoid curve and the non-interpolation for curvature of lane change D.
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Fig.27 Comparison between the multiple clothoid curve and the non-interpolation for a vehicle.
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Fig.28 Comparison between the multiple clothoid curve and the non-interpolation for acceleration and jerk of occupant body.
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Fig.29 Comparison between the multiple clothoid curve and the non-interpolation for acceleration and jerk of occupant head.

29 1%, FEIEEO y HIAINEEE & MIGEE 2777 [X] 29(Q) O RGN LRGEIR R, el e 273, Bk
SSIERR O A B R ORIl 2 7 1 Vo RIROGE L i 5 & R&EWEEZ R, MR %
EATT DR y FEOMEENRKE 2%, Bzl 2RI —27 L7220, ZO%ITMIES X
L7 C 72 5. (X 29(b) I 3NN B 277, X O RfEh I XRGERER, HEfhi o 2 7~9. #alcisn e’
— ik LD, BN SE s 1Y A FIROGEE, E— 7 3OS L TS0,

5-5 & =&

30 725X 33 IXHHZE T A /5 D OFHFER AR, R=1138.4 m DFATE, HHAET A ClXaEAALA J1h
JEE rms (root mean square)fiid 0.4785 m/s?, max fEI% 0.6366 m/s? & 72%. F7=, HHRAE C CIXHEIALA 71
JIEREE rms 1% 0.3950 m/s?, max fEix 0.6369 m/s? & 72%. R=249.0 m DAY, BHAE B ClXERAANNEH
JFE rms B 2.3860 m/s?, max fifilE 3.1430m/s? & 72 5. BIRRZEEE D CIL B/ AT IIEE rms 1% 1.9730 m/s?,  max
EIX 3.1230m/s? & 72 5. HAINER & FISIER O I EARES 24 A U CREFIEIRR 2 885t 32 &, oA T IR 2V &
K725, Z#r oy A RIROGERWTNOHEEITBNTH HlE LORE~ORE /NI, RHEETIT
L v A FHBROAEEE K'=01 DBRAETHD. ZOARREERELSTH L, SORIPENRAEND

(liAAh, 2017).

30 1%, HMAEE A DLAEORRE AT, HElEOOE, RENRNES, TEIEHO y FIEE rms i &N
DR rms B4 ZEiuRd. 2y n Y A Rl OGS I3IEMBOSA T UC, DR rms fBiX, =il <
5.8%, FENAMATT5.5%, TEFHIT6.6 WHNSVMEL 722, E7IIIEE rms ff1%, BT 91.0 %, FEH
¢ 50.8 %, FEETHAEET 48.6 N SUVMHE L 72 5.
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Fig.30 Comparison of acceleration and jerk between the non-interpolation and the multiple clothoid for lane change A. The values of
the multiple clothoid curve are lower than those of the non-interpolation.
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Fig.31 Comparison of acceleration and jerk between the non-interpolation and the multiple clothoid for lane change B. The values of
the multiple clothoid curve are lower than those of the non-interpolation.

311, HRAE B OBAORRA Y. BHlEOE, RERAE, REIO y FEE ms fE &
DR rms E A4 2N EHRT. 27 v Y A FHfROGEIIIEMBEOSAIZ i LT, I ms fi1%, Hii<
52 %, FEMAET3.6%, REIFHTT9%hIVMEE 722, E7IILEE rms B, il T 86.2 %, FEN
RERC 29.4 %, FETALT20.7 %/ hSWVMEE 25,

3210, HMAE C ORGSO RT. BlEOE, REREE, FEIO y FHEE ms i &
IGEEE tms 64 ZEIoRd. 2y n Y A Nl OGS I3IEMMOSE TR UC, IR ms fE1E, =T
4.8 %, FeENRAET4.0%, FEIFHBTAS %/ hNSVMEE 725, E 7 MEEE rms fEIX, H# T 87.6 %, FEiH
RERC 32.7 %, FEHIAT T244 %NS WMEE 2D,
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Fig.32 Comparison of acceleration and jerk between the non-interpolation and the multiple clothoid for lane change C. The values of

the multiple clothoid curve are lower than those of the non-interpolation.
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X33 1%, HHREE D OLHEOMEE/RT. BElEOLE, TERKE, FTEIETO y HAIIEEE rms &0
IEEE rms 64 2 Ziund. Ly oY A Nl OGEI3IEMEOSE 1T UC, I rms fE1X, =il T
4.1%, FENAAEET27%, FEIET T26%NSVMEE 225, F-NUINEERE rms 13, H6l T 81.3%, BRI
T 16.4%, FEIAHTTIWNSVMEE 2D,

2.8 70 , :
R —e—Non-interpolation [0 ——— +Nontmterp0|atl_on -
W 2.6 oo . ) - o —e—Multiple clothoid curve
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Fig.33 Comparison of acceleration and jerk between non-interpolation and multiple clothoid for lane change D. The values of
the multiple clothoid curve are lower than those of the non-interpolation.

#2103, 4 SOFEMEFITH LT, BRI OB L CE# 7 1 v A RfROEA O rms
B & DINNEREE rms ORI 2789, 4 OB E CIIE O EFTIEOB A ITHEREF C, A, D, BOJH
TIRES /TR 72D, 2D 4O A & D LIRS rms il CIIELE A 4.97 %, 3 EAAAKESA 3.94 %,
e BIATRNN 540 Wi L TV 5. S BITHIANEEEE rms i CILH TS 86.55 %, 3B ML) 32.35%, B BHEA
25.19 %I L, flix OFMATICKR LT, iz 2 s o v 4 FihiRa @35 2 S0 X 0 A2MEHEE T
x5,

Table 2 Reduction rate of acceleration and jerk applying the multiple clothoid function as a transition curve.

Lane change Acceleration (percentage) Jerk (percentage)
Vehicle Occupant body | Occupant head Vehicle Occupant body | Occupant head
A 5.81 5.50 6.61 91.13 50.89 48.57
B 5.17 3.60 7.85 86.25 29.37 20.67
C 4.80 3.98 450 87.62 32.70 24.38
D 4.08 2.67 2.64 81.31 16.43 7.12
Average 497 3.94 5.40 86.58 32.35 25.19
6. # =1

BRI DRI E LT, £ oy NlfREZIREL, ZOHEIEICOWTHRE L. A6F7ETH
LN TFMIIRO L EBY TH S.

(1) HEHRAETLE LT, ROBVMB—ET, B, 5L, [ B S22 28808 & Efk, ML, B, [,
BN G 72 HIRIEIC IV TR W B 0 FREEDS 2 FRE CRAGT 4 TR O AR ZS ISR U CRERLR ORI AR & L T
0 YA NEfROAMEEZ R Uiz, ML E RO RN B 2 A U7ofR B IR 3 L OVIIMEEEE rms L2 AR Vi
NELNT-.

(2) BELIZ AMOHEHAETIIHMREF C, A, D, BDIETEBE2ETSRE L IeoT2. 20D 4RO % L
Z ENNERE rms fEIL, 27 v Y A RHEROGAIIIEGEM OSA I iR LT, Hili)3 4.97 %, T EIRAE Y 3.94 %,
e B EEER AN 5.40 ORI L 7=, & &I, MIIESE rms fEI%, 27 10 vV 1 R oSS 3IEmME OS& 1Tt L T,
HIHT S 86.55 %, T EARAESAS 32.35 %, TS FEER)S 25.19 (IR L7-. FREx OB ISR LT, B s L

[DOI: 10.1299/transjsme.18-00468] © 2019 The Japan Society of Mechanical Engineers



Yamamoto and Nishiyama, Transactions of the JSME (in Japanese), Vol.85, No.873 (2019)

THr vy 4 FHfREZEAT 2 2 Sk ARENBEE SR TE 7=

(3) MRt LI-HMAE Tk b BOSRIETH D HMET C OFAITBWTCIE, HmiOLE, RENRAL, RETHE
HRO> y JFIAINEEEE rms I & MIEREE rms I, 27 1 V4 F#EROGAIIFEMR OSA I ek LT, MIEE rms
fEIL, BT 4.8%, FeENAET 40 %, FTEET TA5 WK L7-. E/200GEE rms #1%, =il T 87.6 %,
e BN C 32.7 %, FETH T 24.4 %I L 7-.

(4) Bt LT i B IEWSEETh D2 HHARE B OLAICBW T, ElEOLE, TS, £E
SEEROD y J5 AIGEE rms 5 & DIINEEEE rms fi1E, %77 v v 4 FEfROSAIIIEMHB OGS i LT,
rms i 1Y, BT 5.2%, FEARATST 3.6%, FETHTS T 7.9 %KM L7z, £ IUIMEE rms fif1X, B T 86.2 %,
3 BHRAAET T 29.4 %, FeETHTT 20.7 %IRE L 7-.

SBOMEE LT, KRCITERER T 2RO ETEEL —EL L THE L7z, FEBRICITEREE 2B L
T T T2 E TOEITHEZREICEL L CREREEZ AT D22 L bMETHD. T OMETTEREE) S el /2
TS ORI VB L 70 Fix OFITREE LT, ZRTZZMICBT) 2 R E TR iR ORISR & VBT
HD. R TR UIZH OB BT 270 T A B E ST OLII L B O, AR, B, EEAS
7 & D NC HilfHH = AR > b OB OVERL, AR - MIZEBEOIEHTRRIE DAL, HIREER OER OHIERFT,
T AR O T EEER-C TAEY) Ok O£ BL e E OPFRIIE LS, S OIS mEESGE # W O L —/ Vi EGHE (Hodas,
2014) 7 EWEASBHIRAWE B X TV D, AL TS L2 HdfrdfEi~« 008 a5 T& 2 aTRetEn #iff o x
5.

L &
ABFTEIE, RS =S MBS IR R ORI L DHETH D, RITAWIERR 2~ T2 B Al
RS ELL. Z2IMREL, ZEMEEABTY 35 L RRCETBIES OBER LET.

X 3
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