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$4 253 B AR (AAEFZC)
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26 ] &
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g B ‘/] f42-49km/hr 2% o MEF B LR AR A o TIHBIRE R TE 8D
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#4322 L 2genTind iR

ERTE % S 48 B B - T (& L) (km/hr)
B3l B3 2 B3 3 B34
C2+C3 e 32.4(8.6) | 39.7(12.5) | 325(10.1) | 25.3(8.2)
50 A 20.9 (13.2) | 18.1(11.9) | 17.1(8.7) | 13.7(8.8)
' B3 + B4 s 47.2 (13.8) | 44.3(12.3) | 33.5(11.4) | 27.2(10.9)
A 31.9(16.2) | 25.2(14.2) | 21.9(11.6) | 11.5(9.2)
C6+C7+ |2 49.7 (8.9) | 49.5(11.6) | 40.9(10.9) | 33.2(9.9)
C10 A8 44.4(10.3) | 37.4(9.8) | 25.9(11.0) | 18.1(11.3)
. B5 + B6 % @ 49.4 (13.0) | 47.5(13.4) | 41.6 (11.3) | 26.9(12.1)
A8 41.4 (18.3) | 36.0(17.0) | 29.0(15.0) 8.9 (8.7)
B11 e 58.7 (12.5) | 52.1(15.2) | 43.8(8.9) | 31.0(13.1)
A 45.2 (16.5) | 35.4(16.0) | 29.1 (14.1) | 22.6 (16.1)
. Ad+All |3 82.5(10.5) | 65.2(13.8) | 53.2(12.9) | 43.7 (13.8)
A 47.3(17.3) | 49.4 (13.1) | 42.8(12.2) | 36.5(15.9)
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* - éﬁiﬁi_ﬁ@%‘?" o BHNTR BRI LR 0 kn BPE - SRR RER o UK
BA i R ;}ﬁeﬁﬁﬁ@;ﬁﬁﬁ,mm I R R R R Ra s B F § i
WL BB ET A F R LA rﬂpﬁ‘&éﬁmg T A E - BEEom AEFRE
nerig B (Leeetal,2010) s3T5 8 ernt bl m o % o 50 SRS - P AR Y PFL T
s o RAETHE BgwikG e g Ao | - g’riﬁa.m‘w % B (virtual zone) g
BREZFafH 20 GRSy § 252828 2Tt b?Y > nRFHELII 5 3
SExI0 2z B oA - gEipE AR A F B ] (2 7 2R RS AN
HHloaex2oae s 22ex5ar ~32ex10Ne o

328447 7ot 2 [ |8 BB R REw > P by F2 Bl
oo BRMAR > Bimd REF LG FH A T o
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W 3.28 2 fmid BfepE s bt S 2 M 14
324 3 47 B iE 2 A

LOANWEIT B ARREL BTN AFETEHA AR Y WD SR
Az e Rl R i T o E¢¢~&ﬁaflﬁ_vaﬁﬁﬁ%’{?ﬁiﬁﬁﬁﬁﬁ
Hfp o PP HRIBPEEREEBRe R PDDGER> 2R A G BT WRI329 £ 7 7
BRBFB > ABFREWE - TAABIREI AL 2D - ASH I R ERD )
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PTW @30m PTW @60m PTW @90m PTW @120m
prd prd 22 22
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S8 o 18 o118
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L H @ @
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34 8 8
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Lateral location (m) Lateral location (m) Lateral location (m) Lateral location (m)
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Lane=1 Case=mgl vs mgl Lane=1 Case=mgl vs mgZimgd
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B 3.212 02 > BB 0 M B SienE % od LT s - BT P 7 5 A
b nd R AL 0 T b o AZiE 90% B F 2 A T T b - Zend i B4k 0 1R 2B 40%<hs
BRAT AN B EREEL

O

b

&

g

y

g

No. of observations
No. of obsarvations

=
H

S0

o L] 1 2 3 4 5 [
No. of complete lane changing actions

[1] 5 o 15 . ]
No. of lane changing data points

(a) (b)
B 3.2.12 & if 47 5 (@) F R B EE Io(b) 2 & % &
40



EETAEAEHTEGERPZELN T RENEY , IEXNHRBS

3.2.6 ¥ F 3 mex A 45

A @ %?ﬁ{;ﬁ;g‘;‘ PO NIRRT DR WA D hde (T AR I L B LRI dp Y
oo AR ’mﬁf;‘,@gﬁafr@a AR AP ME hE L LRI o - sl
R AR E R R > HFI A EA s DR AT T FREFPE
AL R o AP PR RE A L L R s d R - %4 AAAFoundation for Traffic
Safety (2009) % Tasca (2000) #F3t:% & ehizui (4% % (Aggressive Driving) %= 3 - ;%EL_# 3k
BB RT R g8 HY L6757 ARE(REZ VUL IRB SR PE R )7 T R
g @;:gﬁ,;{ﬁ ERED > RARCRRE 3R 2 F RS (ot phiThE )N 3 5 R
BAIE I3 GE2E o VAL IR E AR EEREDEL L BTG
47 (Aot B &) 7 ﬁ’*—‘:’i’,”aﬁééﬁéﬂimﬁ-zﬁ’ﬁ B A ,a§,5é FE oML AT &L
F & e

a4

M T E 3 iR ,"}’q_\j'ﬂﬂbkﬁi%ll}&"ﬂ\’%ﬁ"ﬁﬁf‘?é(—&r'ﬁ B R R )
Eﬁkﬁiptﬁﬁﬁ—%ﬁp R OHE  FS A®E Y o pHE R R ARy Y
r@@ F iR - e @ 2id - B0 iR D RS kAR LT b (P LT

W
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AETHOPRLBE RS LKEOTRIEIN NI MBE G > TR AR
BB G B R T3 e T

e X0= 42 =t#k

o Xl= mED i S sk

e X2= AR e kKB (M)

* X3= Tz i (km/h)

e Xd= g ik iR (km/h)

o X5= F FAgiE*Lig (12 FLE 60km/hr 3+ E) [0/1]
e X6= #FFALE Vg hpEFERF L R (Sec)

e X7=73 2@ ppldE (i) [01]
e X8= ﬁﬁ"“l’\ B3 iE enpF Y £ R (Sec)

0 OTEFARE U# | 2 TEF AR REE AR ERGFE -

18 SR 0 v i S ’ﬁﬁmﬂw@{%ﬂwﬁaﬁw& EEE TR

GERTE % ¥ *z% U8R RIS LT e A RABE RS T RS
BEEAEE Fr T A E wi B It R R A
3 coig B g H %ﬁﬁﬁhﬁvm%ﬁﬁﬁﬁﬁ°

A E RS - B 2 g (4 (aggressiveness) st 0 Bt S R AT GRS
(Binary |OgIStICS regression model ) & i& {7 iZek M aREG o Huk M Mo ARSERELAT O EE
it Z[1] ) FRIG[0]c A 82 AREY LRI BT SR EN 3 R TG L Bt it
S VY - B EEN A A { B s o :g_;E'J iR Ao
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23 REUEEE ST LR

‘ X3l“ﬁ§ XA B A A X5 F FACE UE X6 F F 4B Vg hEFL R
JARREE 0 ¥ 7F'J€$T's£a‘&§<£i‘ - 1B
. x7y@wﬁ%mw CX8iFERAPRIFOFEFERE > EFARME T
BRI EHRGE & - :[& o

(-) #'- (Pa¥EB)

ﬂ*WPH%15%@&%§ﬂﬁﬁﬁ§ﬁ#’ﬁ*‘%%&&mboﬁi%?ﬁm%
BB OFALE B3+B4 - H %ok 323 4757 0 § ¢ Coefficient #4p3% % #ic2. %k 5 S.E
(standard error) % ¥ &2 nﬁﬁ@:ma‘%? WA s p-value A REicehp E o AR
KT RFRORE P EL AT RTUNES AHF -

il h @ * 35 L FHEL p REIe L X2E A KErm#t - XLzED
S XT G FERP D X6 G FALE U o 2IVH RN RUE B AT R
F 7] p<0.05 g F K o BEHT RIS (TSI EEZREVEREF PP LB PHHER
FlF oo BRI L g5 R 2 B R e A R RS D i ks 1T o

R REPFER X225 A b d XL 2D F $3d Fent i o rueniPic e
XTH 2EENPRBIFES L XEBGHEFRINNREFAEFFERT A AP MY ERE G
X4peF @&k ~X57F FAQE Ui ~ X6 #F F A E Vg Tpr T £ meﬁﬁzﬁm%ﬁ’ﬂ
FlgBceAp R Tk HY 2 - (X3 Te R A A A AR R FlEER g
BREAL RN NGRE QRN BRIFRIP? oy ¢V REZFEE
P it en s ok PesE o

4323 BEuppritikegE (B4 -)

Variables Coefficient | S.E. | p-value

¥ R -1.4648 | 0.2650 | 0.0000

X2 B~ i B (M) 0.5789 0.2114 | 0.0062

X1 2D f R4 iTon=t ik 0.3583 0.0807 | 0.0000

73 F AR RDE 1.5119 0.6630 | 0.0226

X5 3 FAE LiE 1.0389 0.3407 | 0.0023

(=) #5t=
B - SaEr AR B C TR C24C3 i 7 A4 RIE 1 S % 4rd 324 977 o g

%&é%xzﬁ«ﬁ@%ﬂ~x1m§§¢%ﬁ@mguﬁ:x4ﬁﬁ&%ﬁ&’£%é%&
NFHE B AT B ) p<0.05 EE F R o RS - bk XT G E AR B
FEAAG R BAARHRF R RY BFE LB A nlc R AR BB RT 0
AHBCHRS BATHFR G- REDAF LB AGADM A dH BB frr g C F
SR ELAROERERE > BRESPULEPE T F -

HoRRPEOPPL IR FRS B REBI R AE L NFLIF AR TR
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BB PRET M o 3 EEB G R R ) R —’ﬂ’ﬂﬁj—%Aﬁﬁ;¢@
( 2.3.2 %mé%ﬁf‘%f{ﬁ@ﬂ)? BELCH BE - B IRE DT BED
r rm@ﬁﬁﬁﬁ%\%(?%ﬁ%2&3¢mﬁ§%%4%@%ﬁﬂ%§i

ErHEBCREDF AROIFAFCENFL AR L EHIG > FpREpPRr 2 g1

5 B enfe e 2y friRanig & o

FlaFEy i B4 HE - BB P ROTHEENEZ AL IR - R R o ZRIEY
FHBFRETF] > AFEPNREF TR - RSP T E -

4324 B AI A RESES (BN

Variables Coefficient SE p-value

¥ Bt -3.5991 | 0.7972 | 0.0000

R T A (1)) 1.3423 0.2903 | 0.0000
%g;’rﬁ i R D (v eht dic 0.2999 0.0864 | 0.0005
P & & (km/h) 0.0336 0.0142 | 0.0180

WA Z LB B AR BA TR AMALL &7 A TR d R KRR

s % drd 325977 c BN AR 0 P REFHEEBE AR KBS ;-‘a%fr PO E (Fen=

RR AR RIS GRRECDI RO RS B o s

F 3| p<0.05 3 F R F-FIH - FF* 3B R B DT RN ZFH ﬁiﬁu?ﬁlﬁl“&mg L
L

R FEoAp Y S - RO H @ TR pREL ERE RS T T B e AN R

%325 BB ar AR g (K2

Variables Coefficient SE p-value

¥ R -4.5330 | 0.8126 | 0.0000

R T A (1)) 0.8741 0.3124 | 0.0051
?.;Z;’fi" i B D (v eht dic 0.1635 0.1223 | 0.1812
P & & (km/h) 0.0184 0.0091 | 0.0433

(r) BHEH#RE

IR A e B R BN R TR R N E B R T L B sy i
Eé%&mgﬁ%ﬁ’?ﬁ$ﬁﬁl

e X2HAHw BB XL 2 AD i‘g’%ﬁ#ﬁﬁsf’f LI *rsqj s i

o XAPM A E R X5 F BALE TR X6 HHATE U PR K R > 3G ke
ﬁ';:’]\?ﬁ’\ Ilq:r’}’v}’_g_‘\r—’ ;}"7"’}}}"_!‘.’7— s
. g‘_ﬁir‘n@ }i‘l’ 7 n\’ﬁ I’L‘ }'J' m%ﬁﬁ: ’

X7 F zt. ]”1‘3’;@4"\}]\ IFI "‘154"\ X8 ]”1‘35@4‘"}]\ lFIJ lEmeF'& ’ |E' 7\1,\?. Px)\ % f&%,.ﬁ;ﬁﬁﬁ
BN RIEE R R T R B R T R BB T i A ﬁ’*i"‘« FRLEBLE B R T
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3.3 v A4

Br F AR LIRS LB AR AL FLAM B A FAHNAE A0 R Ak
GHEF - NRUABEE BEFL ARG LIFT L ERAT BT ZERFED D

"%i?\ZF\ ?Hi? Fﬁ,. % o

331 B r iz X 7 5 A% T

WO AL B RN BE S 2 P N(LE 33.1) & BB SR e
B2 R LE BT e T B DR FEE AT c EERET M- 7R
Flo ot EH N AT RN S ALY 2 BB G At PR o B R T el
ﬁ@g\aﬁwmww,jwﬁﬁiﬁﬁﬁﬁ’&ﬁ%ﬁ%ﬁféi’?ﬁﬁﬁﬁﬁﬁﬁé
BRI 2 2 BB oo AMOERECR L & ¥ ‘ BIRFF S

R4
AR Rl £ ?:E%&;

741 k&R : Lee and Wong (2015)

B 331 Zgm o Epip e BERI| Y

AFTHPBEI R BEFZ R ERGFTLLBER O T ARI332 8 AR 2
eTe - B iE#F 5 (Leeetal, 2013) 2 gmiz B @02 I35 TH i
Bip 2L K% (Leeetal,,2009) > @ 2L 3T B AT S &
FWEAFRBIRCPBIBEIF >G5 > 5 BRI EPF > Z82 2 RITERT = BEAR
(alternatives) : (1) =/ s QE T s B+ o A P AEBFHBER TR - EFRFFELIL- <2
7 if 3 1% #% (discrete choice) > 4 & ¥ B - &% 0.7 /2 1.5 2 & (Green, 2000) > ~# 3
PR R RR TS L4 st L e P EES B AR Y TR o R R
Ko
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D W5 W SE Tateral,
D <=
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e
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g AT & ] B IE lareral,
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ER S W= s
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PERY USRS i e 3
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Pnt(i) =

HP pA B 4dc(scale parameter) - # Eif ¥ % 5 1 (Ben-Akiva & Lerman, 1985) -

Ty il ek Bk T A3 42N & o gt sNee 2 p Heckman (1979) 4 45 it ]‘ff'JE%
AL el SR - R BN WL S e 0\ LR B e 2 o Vint Bk & 2 S8 Zine % 3 -
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EHLRF A R ETABPRF LR ER AL 2 BE A A EH» B
B E ) -

SRR P B A T TR Y B AHCRRRE > B ALE - iR % B
B3R AR ) R

AV AT 0 AR FEREANT TN AT

Vi= B + B lateral, + B3 oblique;+  y history + A1 1 + 42010y + 4301 diodies + ...

Vc: ﬂl dist (4)
Vr= ﬁr +ﬁ2r Iateralr +ﬁ3r Obliquer+ Y hiStOfy + ll dr,t—l + /12dr,t—1dr,t—2 + lSdr,t—ldr,t—Zdr,t—S + ...

B VisVe 2 ViR 2ih 272 2 haEd p 2 fr Lirgma Bay §F
(alternative-specific constants) ; . f~y 2 AR 5 HFis nddic > B s chBHGLP 4o @

dist I._w"w,%ﬁﬁﬁ FEAE
lateral AP 2 o R
oblique  : & & 2 fp|w FEE -
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Vi= B + B3 oblique|+ A1 dyeq + 4,0 e1dicr

V.= ﬁl dist } (5)
V= p; + S5 oblique + A1 pea + 2200010

%332 Br g FAEAIRBRER(-)

BB A

S8 B HRAR YRR XY 4

B -2.120 -1.280 -1.540
Br -0.398" -1.630 -1.540
B 0.001" -0.010 0.019"
B3 -0.366" 0.007" -0.029"
A 2.580 2.560 2.600
A2 -0.002" -0.159" 0.463"
p? 0.366 0.277 0.352
Adj-p* 0.312 0.267 0.285

*AREERT
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2333 BriaEiF i A REER(C)

BB A

S8 B HRAR YRR XY 4

B -2.170 -1.160 -1.520
B -1.070 -1.570 -1.560
B 0.001" - 0.023"
B3 - 0.030 -
A 2.630 2.450 2.910
p* 0.358 0.275 0.349
Adj-p? 0.322 0.268 0.305
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(sec) - (km/hr) | (km/hr) | (km/hr)/s | (km/hn)/s | (m) (R) | °(R) (m) (m) (m) °(&)
91 3 44.55 16.09 -4.16 -0.27 0.87 | 3.86 -7.87 4.24 3.73 2.02 31.69
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(sec) - (km/hr) | (km/hr) | (km/hr)/s | (km/hn/s | (m) | °(R) | °(R) (m) (m) (m) °(&)
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509 3 61.03 32.96 2.14 -4.56 -0.33 | -1.04 -0.38 2.45 0.00 2.45 90.00
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4. 353 2 v 0B ¥ ppr T iapegp(Zone=3 or 6)

Vy, <20km/hr Vy, >=20km/hr
L teAgc | 9B TIEpEgm) | REL il | 8B TiopEdr(m) | EREAL
C6 90 2.10 0.77 52 2.30 0.94
C7 32 1.70 0.67 15 1.96 0.65
C8 22 2.36 1.08 29 2.28 0.61
C9 55 2.05 0.83 39 2.29 0.66
C10 62 1.80 0.92 14 211 0.45
Cil1 54 1.53 0.87 18 2.37 0.86
Total 315 -- -- 167 -- --
Average -- 191 0.86 -- 2.28 0.74

CIRRLE S AN L RIS S Sk Jfﬂi’?i P Flpt R Ztest e A F H T iopEaE
FREFEOLE cZtest A & £ H AR LA IR BRda R L B P A o RS B2 R
LTI A ETHF - AL RS R Z ’fﬁ T MFERRS B EF A e BF o 8D iR
% PPE AT G R FMEDT oo B5 - B (Vp <20km/hn)FE i A B % = e (Vy >=20km/hr)
s B#cs| o @ B KER Ta=0.05 & TLEF 40T ¢

|Zag| =5.09>1.96 > F]* A 7| B#cs it ioiE g FEPL R -

dN R A WNZ B 1963 5 0 H 3 F T 258 (aF ik s 0.01) 0 Ft S A
ﬁﬁ%ﬁiﬁo%ﬂ?%%ﬁ%¥CBfﬂ’ﬁ%iﬁ%$““?§ﬁ§$%W@@*’%
MR B TR TR RPRREE S B R R KA A o SRR 2
Wik AR TR B FRAZD > MR R FEERT T X ND S T'7*41‘”~—
W FRERRE P LR #}u SEEAE L 15 2 Mvawtaﬁ °¥1353&WJ&$
DB EEE RN MPE B 0B T PRI IRSIER A G R Bdh: S (M) Gk
#iz(observations) o d BT T fE Y OB i R RAPF > FAF SRR ’3“ R R ’ﬁ’:
Hmﬁiﬁﬁ$315u£ZQQié:ﬁgéﬁﬁﬁﬁEW’Tlfﬁﬁﬁﬁ§23#25
D DG S BIR AT IORER S 3T 2 2 % o RARRA LA T RS R MpF s T iagE
Hri Aﬁ/,}"’ «;&_gw«é&@%x’?fw Bl- o B BDE IR AP - E%ﬁfﬁffiﬁ’?ﬁ 7
B iE R BB TR 2IEHE

A~

30 T T T T T T T T 30

251
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Bell, 2008b; Lee, Polak and Bell, 2009) % #a 5 Bz #-3] e & o Bikesim 2 B4 p 4 5% ikt
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414 @ * RE KX T

Bikesim et 2 @ http://myweb.ncku.edu.tw/~jtclee/project/Bike.ntm o # * pFg-% KB AT
%ﬁnﬂAm,f_@ﬁ%&Lﬂ%Pw%i%» T2 H o Y RN fdcR B R
B2 EBAFLA AP EC Y BRITE MK .ﬁ&&”m%ﬂ RIFEATR Y BB K T
S¥ciE 4 411

A1l B B G RFRESTTRES

&p‘-fgqﬁgﬁ PRIFC B - bl B i
BERTR (M) 3.0 3.0 3.0 44
BFER (M) 200.0 200.0 200.0 200.0
WEREFER (M) 0.0 0.0 5.0 5.0
Wd kBB (%) 6.1 27.8 66.0 80.0
B2 8 PR EE (Sec) 5.3 3.9 35 5.1
WIHPRER (km/hr) 60.0 60.0 60.0 30.0
Fagga R (kmhr) 60.0 55.0 50.0 20.0
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) J 2 fudl ! !

997 1023 1053 1083 1113 1143 1173 1203 1229 1259 1289 1319 1349 1379 1405 1435 1465 1495

(@) HH *

PR 3
- BT R
(sec)

(o)t & 74

B 4.3.2 % G A2 o ph il 46 b 0k 3 falkc

431 53 FEERLAD Rk

WSS (B2 ) | BEFH (/2 g) | L2 (%)
0-6 sec 5.31 4.44 +19.65%
6-12 sec 5.50 5.78 -4.84%
12-18 sec 3.88 3.78 +2.51%
&3 14.69 14.00 -
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The feasibility of using aerial photography and
videography in traffic survey
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Abstract

Collection of accurate traffic data for traffic analysis involves very high costs and
is time consuming. With the recent advancement in the technology of unmanned aerial
vehicles, aerial photography is becoming popular in various kind of survey. The
objective of this study is to investigate the feasibility of using aerial photography and
videography for traffic survey. Using a multicopter to take videos above the road
networks, the operations of traffic survey can be significantly simplified and the
associated costs are reduced. This paper compares the functions of several model
aircrafts and identifies the appropriate model for traffic survey. Regulations of using
unmanned aerial vehicles are also discussed. At last, we will discuss the feasibility of
using aerial photography and videography in various kind of traffic survey.

Keywords: Aerial photography and videography, Unmanned Aerial Vehicle, Multicopter,
Regulations, Traffic Survey
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5.1.1 ICAO Manual on Remotely Piloted Aircraft Systems (RPAS)

133% ICAO 7 RPAS + # % % (Manual on Remotely Piloted Aircraft
Systems (RPAS))® » % & UAV 5 T B Rz sy B2 Hiphf 22 | UAV
7 ¥ # RPV (Remotely Piloted Vehicle) ~ ROA (Remotely Operated Aircraft)
RPA (Remotely Piloted Aircraft) -

Bl A4 s b 2012 # 4 7 2 p s # H RPAS £ ¢ ¥ % (Manual on
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FERL 2 R e gE ;ﬁiﬁ *5 (Standards and Recommended Practices, SARPs) #_% i
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ABSTRACT

Nowadays, there are breakthrough developments in the technology of multicopter, which is a remote
controlled rotorcraft hovering in the sky. Mounted with a high resolution digital camera, a multicopter
can be used to capture images and videos of the road traffic, for deriving the traffic status and queue
lengths on highway due to congestion or incidents etc. This makes aerial videography using
multicopter an efficient, stable, safe, yet affordable solution for mission-based traffic surveys. It
provides an efficient solution if the sites are not covered by CCTV. For urban arterials, accurate
trajectories of vehicles can be obtained for the analysis of drivers’ behaviors, and information such as
spacing, speed, lane-changing etc. can be recorded. We have successfully generated the required
dataset for several traffic studies with significant cost reduction. In this paper, we will present the
post-processing procedure, limitations, costs and effectiveness, and the quality of collected data for
using multicopter for traffic survey.

Keywords: aerial photography and videography, multicopter, traffic survey, image processing
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1. INTRODUCTION

As the rapid growth of the population and the quantity of motor vehicles, the traffic problems have the
large impact on people in daily life, and this topic could be one of the most important issues where we
need to concern. In the meantime, to set up the policies of traffic improvements involves in traffic
analysis and traffic data, some of the data can be obtained by vehicle detectors and CCTVs. However,
for site specific studies where these devices are not installed or more detailed information such as
vehicle delay estimation, queue length formation, traffic dynamics, and vehicle trajectories are also
required to make good use of analysis.

In the past, aerial photography from a helicopter was used for traffic studies and analysis
(Greenshields, 1947). With the breakthrough development in technique of multicopter, it could be used
in aerial photography and videography in recent years. Mounted with a high resolution digital camera,
traffic data are collected by a multicopter which can be used to capture images and videos of the road
traffic. A set of the equipment only costs less than two thousand US dollars, including a flying
platform, a high resolution digital camera, and other fundamental devices. Moreover, the flying
platform is not only easy to carry out, but also has light, convenient, stable characteristics. Above of
all, this makes it an efficient, stable, safe, yet affordable solution for mission-based traffic surveys.
Using an electric model aircraft to take videos above the road networks, the operations of traffic
survey can be significantly simplified and the associated costs are reduced.

In this study, we will present the feasibility of using multicopter for traffic flow monitoring and traffic
operation studies for freeway and urban arterials. This paper will describe the image post-processing
procedure, which is proposed to correct the images for the estimation of traffic parameters and
characteristics, including the steps such as stabilization, de-fisheye, and aligning with reference points.
The presented approach using aerial photography and videography is particularly useful for
understanding the traffic situations at a specific problem location. Two cases are presented to
demonstrate how the technique can be used to improve or assist the traffic survey for various
scenarios.

2. LITERATURE REVIEW

Aerial photography has been used for traffic analysis in the last century. This approach was used to
obtain the information of speed, roadway capacity, and traffic densities on a highway between
Baltimore and Washington (Johnson, 1928). Greenshields (1947) took the pictures of traffic movement
at a 2 second intervals from a blimp, and introduced the potential use of aerial photography. Another
traditional way was conducted by aerial photography from the helicopter to measure the traffic raw
information. The traffic characteristics, such as traffic count, speed, volume and density could be
determined by the appropriate formula. The large-scale photography and continuous shooting were
considered (Peleg et al., 1973). Moreover, aerial photography was also widely used in many purposes.
The cause of congested traffic at Hanshin Expressway could be investigated by recording the
trajectories of all vehicles, and plotting the space-time diagram (Makigami et al., 1985).

In additional to the high costs, flying a helicopter above a roadway has safety concerns and is not
likely a feasible solution nowadays. Recently, there are breakthrough developments in the technology
of multicopter, which is a remote controlled rotorcraft hovering in the sky, and it becomes more
popular using in many areas, such as field research and military use. Most of traditional methods got
trapped in geographical environments, on the contrary, the brand-new aerial photography and
videography could examined the wide-ranging scope, and the movement of vehicles in detail.
Researchers at the University of Arizona studied the potential of remotely sensed data, enhanced
existing data sources by using aerial video and therefore to improve traffic management. They
developed the new methods by integrating of digital video, global positioning systems (GPS), and
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automated image processing to promote the accuracy and effectiveness of data collection and
reduction (Angel et al., 2002). Unmanned Aerial Vehicles (UAVs) promise a low cost means to
achieve a “bird’s eye view” and a rapid response for a wide array of transportation operations and
planning applications. Therefore, UAVs was used to monitor parking lot utilization, freeway
conditions and the trajectory of vehicle (Coifman et al., 2004).

On the whole, it has been verified by the literature that using the aerial photography and videography
to acquire the valuable traffic data is a promising approach. Particularly, the technique of multicopter
makes great strides all these years, including safety, stability, high resolution images and videos. This
study will discuss its applicability in two practical topics further.

3. AERIAL VIDEOPGRAPHY AND SETTINGS FOR TRAFFIC SURVEY

To conduct a traffic survey by aerial videography, the multicopter would be kept stayed in the sky
above the roadway, and it is the better choice in investigating due to its high stability, light weight, and
small size. Besides, the behavior of pedestrians and vehicles on the road would not be affected by the
multicopter. Thus, the traffic situations are observed naturally. According to these reasons, this study
chooses the multicopter model DJI Phantom 2 mounted with a Zenmuse H3-2D gimbal and a sport
camera Gopro Hero 3+ as our research tool.

The flying platform has,a precise flight control system with GPS, and a smart battery system for
20-minute flight time. Even though the multicopters are in the fast-speed flight, the gimbal can
stabilize and control the camera equipment, and the picture or video output can achieve the best effect.
The Gopro can be up to 30 frames per second, and its high frame rate video mode produces
professional-quality footage, high-resolution images. The videos shot by different angles and altitudes
have various kinds of purposes in traffic survey. Based on our experiences, videos taken at a height of
100m can be used for counting the traffic volume and turning movement, and videos taken at a height
of 150m can be used in observing the weaving of vehicles properly, in which the valid visual range is
about 200m to 300m of the road. Thus, it is important to adjust the cameras to a suitable position for
the appropriate angle and altitude. In our study, we adopt the setting as follows:
(1) Resolution:
Resolution of the recording is set to be 1440p, which is 2560 x 1440 pixels at a 16:9 aspect
ratio.
(2) Frame rate:
For generating vehicle trajectories, the frame rate is set as 30 frames per second.
(3) An angle of 90 degrees:
In order to get the full sight of roadway, we set the angle of camera at 90 degrees, i.e.
vertically downward, to avoid obstacles such as buildings.
(4) Fisheye mode:
We select the effect of lens depending on circumstances. The fisheye mode has a larger field
of vision (FOV), so it is a better option for queue length survey.

The traffic data would be acquired after the traffic survey, however, the raw videography cannot be
used to analyse in traffic area directly, and a post-processing procedure is proposed to correct the
images for the estimation of traffic parameters and characteristics. There are some steps in the
procedure, including:

(1) Film editing

(2) De-fisheyeStabilization

(3) Aligning with reference points
Firstly, film editing is used to make the videos continuous. Secondly, we use the optics compensation
effect to remove camera lens distortion by Adobe After Effects which has faster process in de-fisheye
so that the images will be converted into the correct scale. Figure 1 shows the effect of de-fisheye.
Thirdly, due to the vibration of the multicopter during flying, it is normal that the raw videography is
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jiggly and shaking. The critical issue is to stabilize shaky footage which removes any combination of
changes in position, rotation and scale, while leaving desired motion unaffected, and it also holds a
moving object stationary in the frame to examine how the moving object changes over time. This
study also uses the Adobe After Effects to carry out the stabilization, and then the quality of improved
videos would be better for researchers to handle with. Finally, we align with reference points in order
to fix the frame and make the results accurate. After finishing all the procedures of image-processing,
the footage can then be used for further traffic analysis.

(a) Original image with fisheye effect (b) Processed image after de-fisheye
Figure 1. A sample image from multicopter before and after processing

4. VEHICLE QUEUE LENGTH MEASUREMENT

Queue lengths occur when the demand exceeds available capacity. In transportation, the red lights,
bottlenecks, stop signs and traffic accidents on downstream cause vehicle queues. Queue length
information is important for studies of traffic management and deriving appropriate traffic plan, such
as to know whether the traffic jam on the ramp affects the main freeway or not. Without CCTV or any
traffic sensors, queue length measurement for traffic operations is very costly. For example, to
measure gqueue length of an arterial, six persons are needed for a 300m two-way road, assuming that
the view of sight of a person is 50m. To measure the delay at signalized intersections, at least two to
four persons per approach are needed, depending on the location of the end of the queue. Most
importantly, the quality of data could be subject to inconsistent and human errors, and such errors are
non-traceable. Moreover, the investigators in the site may also influence the traffic flow.

Traffic status and queue lengths on highway due to recurrent congestion or incidents can be captured
by aerial photos. It provides a useful solution if the sites are not covered by CCTV. Propagation of
gueue lengths and its evolution can be efficiently measured with aerial videos. These data are
expensive to collect if measured by detectors or cameras on the roadside. An example of the image on
freeway is shown in Figure 2.
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(a) Original image

(b) Image with indicated vehicle queue lengths
Figure 2. Vehicle queue measurement for freeway congestion

As shown in the figure 2 above, the vehicle queue could be measured. The red lines represent the
vehicles were in queuing, the yellow lines represent the vehicles at go and stop, and the green lines are
fluent traffic flow. Through the comparative pictures, the range of scope in jam could be visualized
clearly. One feature of using multicopter is that we can adjust the flying altitude and angle of shooting
so as to readjust the area of study immediately on the site. Consequently, the approach provides a
useful solution to enhance the accuracy of the data, and the collected data is also traceable.

5. VEHICLE TRAJECTORIES MEASUREMENT

Measurement of vehicle trajectory can be used to study driving behavior of vehicles. Vehicle
trajectories, especially for mixed traffic in urban arterial, are difficult to collect. The commonly used
approach is to install cameras at a tall building by the road and take videos of the traffic on the road.
However, this will subject to the availability of such tall buildings and if the high position of the
building is accessibly for the survey work. The video recoding is also subject to an angle, and large
vehicles may block the other vehicles in the images.

In contrast, using our proposed approach, we can take video recordings from the top view of the road
traffic. The availability of accessible tall building can be avoided. We can collect clear images for
roadway of up to 300m long. Thus, the investigation of vehicle trajectories has a better and efficient
method to carry out.

After the post-processing procedure, this study selects a roadway to demonstrate the effect. By
framing the vehicles on the pictures, it reveals the relative position of the vehicles obviously. As
shown in figure 3, we can see the vehicle trajectories at the different time and distinguish what kind of
the type of vehicle is. The exact dataset of vehicle trajectory can be collected semi-automatically by
software such as Lee et al. (2008). We are able to convert the videography into the animated display
after a series of mouse-clicks. By adjusting the track points and correcting the motion track, it shows
the vehicle trajectories on the roadway. Further information used to describe driving behaviors such as
relative spacing, relative speed, lane-changing action etc. can be extracted from the trajectories of
vehicles. In addition, it can be used to simulate the interaction between cars and motorcycle in a
situation of mixed traffic flow. Hence, it is feasible to apply in the traffic survey of vehicle trajectories.
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6. CONCLUSIONS AND DISCUSSIONS

Traffic studies required data from traffic survey to evaluate the spatial range, temporal duration, and
reasons of congestion. Using multicopter to carry out aerial videography for traffic surveys is an
efficient and convenient way for mission-based survey, before fixed location traffic sensors are to be
installed. Such approach can overcome the difficulties of the traditionally or commonly used
approaches, with a significant reduction in costs and human power. As compared to the human-based
manual measurement on the site, an advantage of video recordings is its traceability. We have
demonstrate that aerial videography from multicopter is feasible for traffic data collection. After the
collected raw video recordings are processed for de-fisheye and stabilization, the video can be used to
measure queue length, vehicle trajectories, and other traffic data.

Using multicopter for traffic survey is also subject to limitations. Take Hong Kong for example,
people cannot use the multicopter which is more than 7 kilograms unless a permission from the Civil
Aviation Department (CAA, 2014) is needed. In the U.S.A., Federal Aviation Administration (FAA)
specifies some safety regulations and limitations for the remote controlled rotorcraft operators as
follows:

(1) Remote controlled rotorcraft can only be used for non-commercial purposes.

(2) The weight of remote controlled rotorcraft should be less than 55 pounds only if it has passed
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the safety certification.
(3) Remote controlled rotorcraft must be used in the visual range.

In Taiwan, some regulations are setup in the Aeronautical Information Publication (AIP) and
Aeronautical Information Circulars (AUC) issued by the Civil Aeronautics Administration (CAA,
2014). Although Taiwan still does not have any statutory regulations for the equipment of multicopter
and certification for operators, when referring to airspace, it has to apply for Civil Aeronautics
Administration. Additionally, there are some specific locations, such as Taipei SongShan Airport,
YangMingShan National Park, Kaohsiung International Airport, etc., are limited for the use of
multicopter or other types of flying platform. Therefore, for those plan to use multicopter for
conducting traffic survey, attentions must be pay to the regulations issued by the country or city.
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ABSTRACT

The maneuvering of Powered-Two-Wheeler (PTW) does not follow lane discipline, and can
make flexible lane changing and overtaking in mixed traffic. Aggressive PTW riders may have
very different behavioral characteristics as compared to the others. The aim of this study is to
investigate the heterogeneity in the driving behavior of PTWs in a traffic stream. An approach is
proposed to identify the aggressive riders and find out the factors contributed to the modeling of
aggressiveness. We argue that separating the aggressive PTW riders from the others can help to
categorize their behavioral models and be potentially useful for implementation in traffic
simulation model for mixed traffic. The study is based on a vehicle trajectory dataset collected
from a four-lane urban arterial in Taipei, Taiwan. Our results show that vehicle speed, number of
overtaking and lane changing actions, and gap acceptances, are factors associated with
aggressiveness.

KEYWORDS: Powered two-wheelers, driving behaviors, heterogeneity, mixed traffic, urban
arterial
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INTRODUCTION

Powered two-wheeler (PTW) is a popular transportation mode and receives attention for its
advantages of fuel consumptions, emissions and space required over automobiles (1-4). In
Taiwan, the PTW ownership rate is over 650 per 1000 inhabitants. As a private transportation
mode, PTWs have many advantages over private cars, for its convenience and high mobility, less
parking spaces required, and efficient fuel consumption and thus less environmental impacts. A
main concern of PTW is the safety issue, as its accident and fatalities rates are relatively high (5;
6). Compared to private cars, mopeds and motorcycles are smaller in size, and their road
positioning may not follow lane markings and lane disciplines. However, most of the current
designs of the road, such as geometry, pavement, and lane markings, are based on the theory and
assumptions for private car traffic. For mixed traffic flow, there is a need to develop better traffic
control devices, especially when traffic density and the ratio of PTWs are high (7).

The interactions of vehicles on the road under mixed traffic are complicated. Previous
studies focus on the driving behavior of private cars (8) as the subject vehicle, and there are
limited studies on the behavioral models for PTWs until recently. There are two general
approaches in the modelling of PTWs and mixed traffic in the literature. One approach is to
develop microscopic simulation models for traffic streams with motorcycles, for traffic
modelling purposes (9-13). These studies define the maneuvering rules of vehicles and verify
with the resulting flow-speed-density curves, but do not calibrate using real traffic data. For
example, Lan et al. (11) simulated the driving behaviors of cars and motorcycles under mixed
traffic using cellular automaton, and some rules for the car following, lane change, and lateral
drift were proposed. The result can be used to explain the macroscopic traffic phenomena.

The other approach is to analyze the empirical data of PTWSs with statistical models. For
the acceleration behavior, Lan and Chang (14) found that the general car-following model for
cars is not suitable to describe the acceleration behavior of motorcycles, and proposed an
adaptive neuro-fuzzy inference system (ANFIS) to fit the observed acceleration decisions of
motorcycles. Lee et al. (15) proposed causal relationships of the interaction of motorcycles with
other vehicles, including a longitudinal headway model, a lateral headway model, and a path
choice model. The longitudinal and lateral headways described the time headways with the
preceding vehicle and alongside vehicle for the safety distances maintained to avoid collision,
and were derived based on equations of motions. The path choice model was used to describe the
choice of paths taken to filter through the traffic, and formulated as a discrete choice model.
Barmpounakis et al. (16) studied the kinematic characteristics of PTWs during overtaking and
filtering, and found that verified that a critical virtual lane width that a PTW might accept was
related to speed differences, spacing, existence of heavy vehicles, and occurrence of platoon.
Vlahogianni (17) developed several models for the overtaking behavior of PTWSs, as related to
parameters for the kinematic characteristics of the PTW and the interactions with the rest of the
traffic, using data from a two-lane arterial. Significant factors were speed difference with the
front vehicle, distance from the front vehicle, opening on the adjacent lane, and if a PTW having
a passenger or being a leader in a platoon.

This study focuses on the case that there is a high proportion of PTWSs in the mixed traffic,
which is a common situation in urban arterials in Taiwan. Observations show that, at high traffic
density, it is almost not possible for cars to do a lane change for a better position, and aggressive
car drivers may not gain much advantages by changing lanes (instead, they may use
“hand-shaking negotiations” for lane change maneuvers (18) if preparing to turn at the next
intersection). On the other hand, some PTWs can aggressively overtake other vehicles and also
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PTWs, and their behaviors could be different. It may not be appropriate to model both normal
PTWs and aggressive PTWSs using a single probability function. Instead, the proportions and
characteristics of different PTW groups should be better separated with different models or
parameters in a microscopic simulation.

The aim of this study is to investigate the characteristics used to define the driving
behavior of PTWs in mixed traffic using empirical data. Behavioral characteristics such as
vehicle speed, overtaking, and lane changing will be examined. An approach is also proposed to
identify the aggressive riders and find out the factors contributed to the modeling of
aggressiveness.

This paper is organized as follows. Section 2 describes the methodological approach of
the study. Section 3 presents the study area and some descriptive statistics of the dataset, and
Section 4 presents the findings and its implications. Section 5 draws several conclusions for the
study and discusses directions for future work.

METHODOLOGY

Vehicle trajectories from video

The study is to investigate the behavior of PTW riders in urban arterials and its interactions with
mixed traffic including other PTWs, cars and buses. The variables such as relative speed, relative
spacing, lateral distances between vehicles are important to represent the interactions. The data is
collected by a trajectory extractor developed by (19), which was used to digitalize a video into a
vehicle trajectory database, containing the positions, angles, dimensions of vehicles in the road
section at every time instances. Basically, the trajectory extractor converts a video into
second-by-second images and displays the image on the monitor for an operator to click the
positions of the vehicles. The coordinates on the image are then converted into the coordinates
on the road in the survey area with a projective matrix. The trajectory extractor software has also
been used by other similar studies, such as (17; 20).

Under mixed traffic condition, the sizes of the vehicles vary and the (longitudinal and
lateral) spacing between vehicles is small. The movements of vehicles in the trajectory database
can be displayed with an animation player for visualization and error checking, as shown in
FIGURE 1.

kg

—
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A

]

FIGURE 1 A screenshot of the vehicle trajectory playback.

Extracting key variables

The dataset is useful for generating the driving characteristics of each subject vehicles and the
driving environment for further analysis. The kinematic characteristics of a vehicle, such as
speed and acceleration, are computed by the position differences of the vehicle between
consecutive frames. The driving environment variables are computed by the relative positions
and spacing between the subject vehicle and the vehicles around. Some key variables of interests
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are defined in FIGURE 2 and listed in TABLE 1.
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FIGURE 2 Definitions of interacting vehicles and their relations with the subject vehicle

The environmental explanatory variables of a subject vehicle include the relative
spacings between vehicles, such as longitudinal spacing between a subject vehicle to the front
and lag vehicles, and lateral spacing to the vehicles on the side. The area around a subject
motorcycle is divided into 6 regions, including front, left front, right front, rear, left rear, and
right rear. The vehicles in each region are identified, and the critical vehicles close to the subject
vehicle, such as the lead vehicle and lag vehicle, are also identified. On the temporal dimension,
the speed and relative speed to the critical vehicles are calculated. Those factors are considered
to explanatory variables of a subject vehicle when making decisions in driving.

As PTWs do not follow the lane discipline, their unique maneuver can be described as
overtaking and filtering (17). Overtaking is a vehicle going pass another slower moving vehicle,
and filtering is a vehicle passing two slower vehicles through the gap in between. The two PTW
movements may involve a speed change and lateral movements on the road.

The term lateral movement in this study refers to the behavior of changing lateral position
while making longitudinal progression. The lateral movement of a passenger car usually refers to
the lane-changing behavior. However, a PTW is able to perform an intentional and effective
lateral movement without crossing the lane marking to reach its ideal road position within the
same lane, with the concept of dynamic virtual lane (21). In addition, some minor lateral
movements could be unintended. Hence, a rule-based method adapted from (22) is employed to
identify the lateral moving intentions of PTWSs by analyzing their trajectories.

Lane changing of a PTW is defined by an intentional lateral movement as: (a) The
difference in lateral positions a PTW between time t and t+1 is larger than 0.5m as this width is
commonly regarded as the minimum lateral gap of a PTW (23-25); (b) a PTW maintains the
same course between time t and t+2, and the difference in the lateral positions is larger than the
width of a PTW, which is 0.7m; (c) the PTW maintains the same course between time t and t+3,
and the difference in the lateral positions is larger than 0.9 m, which is regarded as the width of a
virtual lane for PTWs (25); (d) the PTW maintains the same course between time t and t+3, and
the first and the third time steps are both defined as making lateral movements. Due to
movement inertia, the same intention is assigned to the second time step. The rule based
approach is illustrated in FIGURE 3.

Overtaking of a PTW is determined by the relative positions of two vehicles over time, as
displayed in FIGURE 4. A vehicle j is regarded as going to overtake another vehicle i at time t, if
the front of vehicle j passes the front of vehicle i, which is within a lateral spacing of one vehicle
lane of vehicle j, from time t to time t+1.
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A PTW is considered as having lane
changing intention at time t if its
lateral movement in the next few
seconds is significant:

. Ayl(t) > 0.5m; or

. Anﬁ)>07m;m

. Ay,(t) > 0.9m.

FIGURE 3 A rule based approach for identifying lateral movement intentions

time =t time=t+1

FIGURE 4 A vehicle j overtaking a vehicle i at time t to t+1

TABLE 1 Descriptions of the variables

Variables Descriptions

dp

Spacing between the subject vehicle and the adjacent vehicle in the direction p,
p=F(front), LF(left front), RF(right front), R(rear), LR(left rear), and RR(right rear)

modep Mode of the adjacent vehicle in the direction p

Gapi, Gapr Gap between the front vehicle and left (right) front vehicle

S Average speed of the subject vehicle

LC Number of completed lane changing actions by the subject vehicle

oT Number of vehicles overtaken (+ve) or being overtaken (-ve)

AO Area occupancy in front of the subject vehicle, as measured by the percentage of
area occupied by other vehicles

PL If the subject vehicle uses the motorcycle prohibited lane (inner lane), dummy [0/1]
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DATA COLLECTION

The study area

The survey site is at the Zhongxiao East Road Section 4 in Taipei city, Taiwan. This is a 150m
section of a four-lane urban arterial with traffic signal at both ends. An image of the survey site is
shown in FIGURE 5. The mixed traffic stream is composed of vehicle modes including PTWs,
private cars, taxis, vans, and buses.

FIGURE 5

Images of the camera view in the survey site.

Video recordings were collected for 30 minutes during an afternoon peak of a typical
weekday. The videos were then digitalized into vehicle trajectories at a resolution of 1 second
per frame, and therefore, if a vehicle appeared in the video recording for 10 seconds, 10 data
points would be generated. The dataset contained 34498 data points from 1654 vehicles, and
some statistics about the dataset are shown in TABLE 2.

TABLE 2 Vehicle compositions in the database

Vehicle mode Total
Motorcycle | Private Taxi Van Bus
car

No. of data 12311 10404 8207 101 3475 34498
points (357%) | (302%) | (23.8%) | (0.3%) | (10%) | (100%)

No. of 818 564 206 3 69 1660

vehicles

(49.2%) | (33.9%) | (12.5%) | (0.2%) (4.2%) (100%)

In the study area, the outer most lane (lane 4) has a stopping area for buses, and there are
taxis waiting on the roadside for passengers. Most of motorcycle riders avoid this lane. The inner
most lane (Lane 1) is the fast lane, and a “motorcycle prohibited” sign is marked on the ground.
However, there are still a number of motorcycles running on this lane. The layout of the study
area is shown in FIGURE 6.

D7



N

© 0N 01~ W

10
11

12
13

14
15
16
17
18
19

Wong and Lee

Traffic direction >

I Iy
—l | | Bus Stop I r |
FIGURE 6 Layout of the study area.

Preliminary Analysis

The characteristic of the mixed traffic in the database are analyzed by the variations of speed and
lane changing actions across different lanes. The time mean speed and space mean speed of the
traffic stream (excluding buses) are 41.3 km/hr and 29.5 km/hr respectively. To show the
variations of vehicle speeds at different lane by PTWs and cars, histograms are displayed in
FIGURE 7. In general, the speed on lane 1 is larger than that on lane 2, and the speed on lane 2 is
larger than that on lane 3. Lane 4 is not considered in the analysis because the bus stop and
roadside parking interrupt the traffic on the lane. PTWs are also moving faster than cars.

Lane=1 Mode=PTW Lane=1 Mode= Car
30 30
;E, 20 20
o
S 10 10
0 0
0 50 100 0 50 100
Lane=2 Mode=PTW Lane=2 Mode= Car
30 30
‘é 20 20
o
S 10 10
0 0
0 50 100 0 50 100
Lane=3 Mode=PTW Lane=3 Mode= Car
30 30
g 20 20
o
S 10 10
0 0
0 50 100 0 50 100
Speed (km/hr) Speed (km/hr)

FIGURE 7 Histograms of speeds of vehicles by lane and by mode.

To see the relationship between the vehicle speeds and the traffic density, the average
speed of individual vehicle and the area occupancy around the vehicle are plotted in FIGURE 8.
The conventional definition of flow volume may not be applicable for mixed traffic, because the
equivalent PCU value for motorcycle mode is not a fixed value but varies with the speed of the
traffic stream (26). To overcome this issue, an area spatial occupancy is defined, calculated by
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the ratio of the area occupied by other vehicles to the area of the road space for a virtual zone in
front of a vehicle (27). In our computation, the virtual zone around the vehicle is defined as 3m
by 30m, and spaces occupied by a PTW, car and bus (including a buffer around the vehicle) are
taken as 1m by 2m, 2m by 5m, and 3m by 10m respectively. In general, the speeds of vehicles
decrease with the traffic density.

Lane=1 Mode=PTW Lane=1 Mode= Car
y = 60.9438 -49.037*x 100 y = 57.3103 ~78.7121*x

100

sof |12

5O & 1

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Lane=2 Mode=PTW Lane=2 Mode= Car
100—— 100

y = 52.2678 -53.9815*x y = 43.4892 -37.5322*X

50

0 0:1 0:2 0:3 0.4 0 0:1 0:2 0:3 0.4
Lane=3 Mode=PTW Lane=3 Mode= Car

100 y = 43.1648 —47.8401*x 100 y = 33.8771 -36.3706*x

Individual average speed (km/hr)

soft it

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Area occupancy (%) Area occupancy (%)

FIGURE 8 Relationship of vehicle speed to area occupancy.

FINDINGS AND IMPLICATIONS

Overtaking and Lane changing characteristics

To investigate the heterogeneity of driving behaviors of PTW riders and cars, we study the
number of vehicles that a subject vehicle overtaken. Since a PTW can easily change its lane
position to maintain a good speed even in medium level of traffic congestion, its original lane
position at the starting point is not significant and every PTW has an opportunity to choose and
change to a lane to maintain its desired speed. Therefore, we believe that the total number of
vehicle overtaken is a good representation of the aggressiveness of a PTW.

To extract the overtaking statistics, we examine the vehicle trajectory for the whole study
period. An action is recorded as overtaking if a subject vehicle passes another vehicle located
within the same lane or adjacent lane(s), from t to t+1; on the other hand, a vehicle is recorded as
being overtaken if there is another vehicle passes the subject vehicle. Then, the net number of
vehicles overtaken is computed, which is a positive value if the subject vehicle is relatively fast
and overtakes other vehicles, and a negative value if the subject vehicle is relatively slow and
overtaken by other vehicles. Roadside parking vehicles are excluded in this computation. The
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overtaking statistics are displayed in FIGURE 9, in which the distribution is further divided by
mode and the major lane that the vehicle used. In general, PTWs involve more overtaking
observations than cars. Lane 1 is the fast lane and there is more overtaking observed than being
passed. Comparing the distributions across different lanes, we can see that the vehicles on Lane 1
overtake those in Lane 2, and vehicles on Lane 2 overtake those in Lane 3. It is worthy to note
that lane 1 is a lane prohibited for PTWs, but there is still quite a number of PTWs uses lane 1 to
overtake or even stay on the lane.

Lane=1 Mode=PTW Lane=1 Mode= Car

o 40 200
C
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«» 100 ‘ ‘ ‘ 50 ‘ ‘ ‘
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Number of vehicles overtaken or being overtaken  Number of vehicles overtaken or being overtaken

FIGURE 9 Distribution of number of vehicles overtaken.

The lane changing situation of PTW is measured by how often a PTW makes a lateral
movement, determined with the rules defined in the methodology. The quantity of lane changings
made by a PTW is represented by two numbers, i) number of time instances making lateral
movement, and ii) number of completed lane changing actions (i.e. consecutive lateral
movements over several time instances is regarded as one lane changing action). The histograms
are shown in FIGURE 10. It can be seen that the some PTWs can perform up to 5 lane changing
actions. More than 85% of PTWs has completed at least one lane changing, and more than 10%
has completed three lane changing actions or above.
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FIGURE 10 Number of lane changing data points (a) and completed actions (b).

A statistical model for the aggressiveness of PTW
We propose a model to estimate the aggressiveness of PTWSs. Aggressive PTWSs may ride faster,
make lateral movements at a large angle or more often, and/or accept small gaps to filter, and
these actions may potentially affect the other vehicles. A binary dependent variable is used to
represent the aggressiveness, which is set to be [1] if OT (number of vehicles overtaken) is
greater than or equal to 3 and [0] otherwise. The value of 3 is chosen for being the 75%
percentile of the sample values. Indeed, a larger number can be used to define aggressiveness in
a more strict way, but it is found to be not sensitive to the modeling results.

A logistics regression model is used to fit the aggressive value with independent variables
S (speed), LC (number of Lane Changing actions), and PL (if using the motorcycle prohibited
lane). There are 814 data points in the estimation, and the result is in TABLE 3. The coefficients
are significant with p-value <0.05 except PL. All independent variables have positive coefficient
estimates, implying that speed of the vehicle and the number of lane changing actions contribute
to the aggressiveness of PTW. An aggressive PTW is also very likely to use the prohibited lane
(lane 1).

TABLE 3 Estimated results of a statistical model for overtaking

Variable Coefficient SE p-value
Constant -3.8448 0.4111 0.0000
Speed 0.0516 0.0073 0.0000
LC 0.4288 0.1013 0.0231
PL 0.7969 0.2234 0.3598
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FIGURE 11 Accepted gap during a lane change for aggressive and normal PTWs.

Being able to classify the PTWSs with aggressive driving behavior, it would be interesting
to look at the behavioral differences of aggressive PTWs as compared to other PTWs. Since
aggressive PTWs do more lane changing, we look at the distribution of the gaps at the oblique
front (as defined in FIGURE 2) that a PTW can accept when doing a lane changing decision. The
distributions are displayed in FIGURE 11.

The mean of the accepted gaps during lane change observations to the left are 1.3985m
and 1.4985m for aggressive PTWSs and other PTWs respectively; and the mean of the gaps for
lane change to the right are 0.9823m and 1.3732m for aggressive PTWSs and other PTWs
respectively. As expected, aggressive PTWs can accept a small gap than other PTWSs in general.
Furthermore, the accepted gap to the left is larger than the accepted gap to the right. This is
because, as explained in FIGURE 8, the left lane is in higher speed and lower density, whereas
the right lane is in slower speed and higher density. A PTW needs a larger spacing when cutting
into a faster lane, for the safety reason. In contrast, a PTW can choose to filter through the gap
between the slower vehicles on the front and right front positions by lane changing to the right,
with a smaller accepted gap.

CONCLUSIONS

The maneuvering of Powered-Two-Wheeler (PTW) does not follow lane discipline, and under
mixed traffic, the driving behaviors of PTW involves the flexible lane changing to overtake other
PTWs and vehicle modes. Previous behavior models for PTWSs do not consider the heterogeneity
in their driving behavior. In this paper, by using a detailed vehicle trajectory database for the
urban arterial with mixed traffic, we show that some PTWSs are more aggressive as compared to
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the others, by examining the characteristics of vehicle speed, overtaking, lane changing, as well
as the violation of traffic rule. The results also indicate that the aggressive PTW riders accept a
small gap for lane changing.

A key purpose of investigating the driving behaviors of PTWSs is the integration of the
behavioral models to microscopic traffic simulation models, which can be used to evaluate the
mixed traffic conditions and the performances of traffic control devices implementation. An
aggressive rider can be persistently aggressive within the section of the road but not just a
particular time instance. If the whole population of vehicles is modeled by simulating
probabilistic decision makings using one single distribution for one action, it will lead to
inconsistency of aggressiveness when multiple actions of a PTW are simulated. Therefore,
separated models or model with different set of parameters should be derived for different group
of PTWs. A limitation of the current study is that the dataset is collected from an urban arterial in
Taiwan, and future work would be to expand the database for roads with different geometric
layout and vehicle compositions. The benefits of introducing heterogeneous characteristic of
PTWs will also be verified by applying it to a traffic simulation model.
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ABSTRACT

This paper presents the model for queue formation by a cluster of powered two-wheelers (PTWs)
at signalized intersections during a red phase. The formation and discharging processes of such
queues are critically associated with the capacity of an intersection containing a high percentage
of PTWs. The model assumed that the decision of a PTW is linked to the distance to the
stationary vehicle ahead, the lateral gaps next to the vehicle ahead and the past decisions. The
main novelty in this paper came in the treatment of each PTW decision being made over time
and modeling the effects of past decisions on the current choice. A panel data set containing the
trajectories of 1,490 vehicles was collected from Tainan City in Taiwan using vehicular trajectory
extracting techniques. The results of an extensive data analysis reveal that such a discrete choice
process can be captured with a Multinomial Logit (MNL) model. To verify the fidelity of the
model, it was integrated into an agent-based traffic microsimulation system to visually evaluate
its simulated patterns of formation. The results demonstrated that the calibrated MNL model is
capable of replicating the observed queue formation patterns. The research offers some valuable
information for the queue formation behavior of PTWSs, provides a robust model to describe the
behavior, and demonstrates the virtue and power of the vehicular trajectory database in regard to
providing assistance with data analysis and model development.

KEYWORDS: Powered two-wheeler, Queuing formation, Multinomial Logit model, Agent-
based modeling, Discrete panel data
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1 INTRODUCTION

Powered Two-Wheelers (PTWSs) have constituted a significant proportion of the traffic in many
places of the world for decades, particularly in South East Asian cities. Despite their popularity
and importance, PTWs are poorly represented in existing traffic theories and microsimulation
systems and are rarely considered as a full mode of transportation in Western societies (1). As
PTW drivers have some characteristic behavioral patterns, the lack of PTWs studies could cause
difficulties for managing mixed vehicular flow, particularly when PTWs make up the majority of
the traffic.

PTWs have chaotic and erratic trajectories in the traffic flow. Their narrow widths, small
sizes, high power-to-weight ratios, and wide field of view enable the drivers to steer intuitively
and to decide speeds and trajectories flexibly. Such nature of riding would affect the perception
of risks and steering tactics of PTW drivers (2). As a result, they tend to have loose lane
discipline and exhibit some particular behavioral patterns, such as filtering, moving abreast of
other vehicles in the same lane, oblique following, and swerving (3-6). All this leads to higher
speeds and shorter headways of PTWs (6-8) than other traffic when approaching an intersection.
However, most of the current traffic microsimulation models focus mainly on passenger cars and
thus cannot precisely represent the behavioral patterns characteristic of PTWs. This vital feature,
however, becomes critical when managing the traffic and assessing the capacity at a signalized
intersection made up of heavy mixed flows, particularly when the queues and crowded traffic
behind the stop line can motivate PTW drivers to take advantage of their spatial maneuverability.

Some PTW movement patterns at intersections have been investigated in the literature.
For example, May and Montgomery reported that the Passenger Car Units (PCUs) of PTWs
during the first 6 sec of the green phases in Bangkok could be as low as 0, and were around 0.53
to 0.65 afterwards (9). This could be caused by the burst of PTWs at the beginning of green
phases, as observed by (10). Powell further developed a macroscopic model to estimate the
number of PTWs being able to filter to the zone with 0 PCU value (11). However, not all the
PTWs approaching the head of queues can be PCU free. The headways and PCUs of PTWs at a
signalized intersection were investigated by (7). The start-up lost time of passenger cars affected
by the PTWs in the storage space behind the stop line have been measured and estimated by (12).
These discussions show that PTWSs and passenger cars have different impacts on intersection
capacity. In addition, the impact of each single PTW is not identical, varying with the location of
the occupied road space. Hence, the queue formation induced by a cluster of PTWSs behind the
stop line could be critical to the capacity of the intersection.

A few studies have tried to model the behavior of PTWSs using microscopic approach.
The longitudinal movements of PTWSs were usually described by models adapted from the one-
dimensional car-following modeling concept, e.g. (13-15). The technique of rule-based modeling
(16-18) and Cross-Nested Logit modeling technique (19) have also been employed for describing
the longitudinal movement. The lateral movements of PTWs were described by modeling the
lateral position (15; 18), the lateral gap for overtaking (20), or the direction choice (14; 19). The
technique employed for modeling the lateral movements including discrete choice modeling (14;
19), regression modeling (20), and rule-base modeling (16-18). A common limitation for
microscopic PTW behavior modeling is the insufficiency of empirical data. This leads to the
work of model calibration and validation difficult. It is worthwhile to mention that the technique
of discrete choice modeling, e.g. (19), is able to elegantly combine the descriptions of
longitudinal movement and lateral movement in one model. However, it can be argued that the
longitudinal speed choice might not be discrete. In addition, it should be noted that dividing a
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lane into several sub-lane, or the cellular automata process, e.g. (16-18), might not be sufficient
to describe the erratic trajectories of PTWSs, as PTWs should scatter irregularly rather than
aligning along the grids.

This study describes the queue formation by a cluster of PTWs at signalized intersections,
focusing on the relationship between PTW queue evolution and the resulting patterns behind stop
lines during red phases based on the observations and analyses from empirical data. This topic is
critical as it will affect the efficiency of using the road space and the discharging pattern in green
phases, and hence is highly associated with the capacity of an intersection. However, this vital
issue has not been sufficiently addressed in traffic flow modeling and traffic microsimulations.

The structure of this paper is organized as follows: after this introduction, the section of
data collection and analysis is provided in the second part, followed by the description of model
development, calibration and visual demonstration in the third section. In the last section, some
conclusions are drawn.

2 DATA COLLECTION AND ANALYSIS
This section describes the technique for data collection and analyzes the behavioral patterns of
PTWs behind the stop line according to the data collected.

2.1 The Survey Site and Data Collection

The data for this study were collected using video camcorders from an intersection on
Xiaodong Road in Tainan City, Taiwan. The Taiwanese convention on road traffic is right-hand
traffic (the same as the US driving convention). This intersection is a signalized crossroads with
an arterial road running east and west, and a collector road running north and south. This arterial
road experiences a high volume of mixed traffic in peak hours, offering an ideal site for
observing the queuing and discharging of PTWs.

The survey area is 100 m long and 15 m wide, on the east arm arterial with westbound
traffic. The layout of the survey site is shown in Figure 1. This link surveyed consists of three
lanes at the far end and four lanes at the near end because a left-turn lane is provided near the
signal. Beside the left-turn lane are the two-wheeler prohibited lane, the mixed traffic lane, the
two-wheeler priority lane, on-street parking spaces and sidewalk, respectively. A nearside
advanced stop line is used to form a 5.75 m long and 7.80 m wide reservoir for two-wheelers,
where their formation of queues can be observed.

The area was covered by two video camcorders. The video footage of the traffic was
recorded from the eighth floor of a building next to the intersection to minimize the image
occlusion of the vehicles. Also, the lens distortion of the camcorders was tested. The focal
lengths with serious distortion were avoided in the data collection process to minimize the
parallax errors when merging the trajectories from different camcorders.
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FIGURE 1 The layout of the link surveyed.

2.2 Trajectory Extraction Technique and the Database

The video footage was captured from 17:00 to 17:38 on August 7, 2012, on a sunny
summer afternoon with good visibility for video recordings. The coordinates of the vehicular
trajectories in the video recordings were extracted using a semi-automatic trajectories extracting
system (21). This trajectory extraction technique has been used in several studies, e.g. (6; 22; 23).
It is a time-consuming process. However, it is able to produce high quality and detailed vehicular
trajectory data.

The trajectory of every vehicle from the two video camcorders was recognized and
recorded by skilled human operators using a series of mouse clicks on the screen with the time
gap of 1 sec between clicks. The locations of the mouse clicks on the screen were then converted
into the real world coordinates. The kinematic parameters of the vehicles were automatically
calculated and saved to the database. In addition, the length and width of the vehicle were
measured using the system. The vehicle type was also recognized by the operator from the video
images and recorded into the database. The descriptive statistics of the data set were listed in
Table 1.

This vehicular trajectory extraction technique is very powerful as it is able to create a
panel data set to be analyzed in any dimension. It can generate all the observable traffic
parameters needed for modeling. Some complicated variables, such as the lateral gap of the
stationary vehicle ahead, which is used in the model developed in this study, can be calculated.
This panel data set offers a great deal of flexibility for problem analysis and model development.

2.3 Characteristics of the Queue Formation Behavior of PTWSs

The trajectories of 1,490 vehicles including 850 PTWs (see Table 1) were recorded and
extracted into the database, containing a total of 72,401 records of coordinates. PTWSs took up
57.0% of the flow at this intersection. Such a high proportion facilitates the observation and
analysis of the behavioral patterns of PTWs.
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TABLE 1 Statistics of the Data set

Vehicle observed  Data recorded Speed (km/h Acceleration (m/sec?)

Number % Number % Mean Std. dev Median Mean Std. dev Median
PTW 850 57.0 26,385 36.4 2750 1471 26.98 0.51 3.01 -0.20
Passenger cars 553 37.1 38,706 535 2717 1512 25.30 0.56 3.06 -0.04
Vans 63 4.2 6,524 9.0 2766 16.07 24.88 0.58 3.18 -0.09
Buses 5 0.3 115 0.2 36.08 14.23 43.77 0.90 3.59 -0.05
Bicycles 19 1.3 671 0.9 14.71 5.03 14.30 0.15 1.32 0.01
Total 1,490 100.0 72,401 100.0 - - - - - -

In the database, a total of 17 queuing and discharging processes were observed. The
scattering pattern of PTWs behind the queue shows that the queuing and discharge of PTWs at
signalized intersections lack lane discipline. This supports the argument that the cellular
automata process, e.g. (16), or lane-based queuing theories have limitations with regard to
describing queuing and discharging behavioral patterns properly.

The manner in which a cluster of PTWs forms a queue behind the stop line during the red
phases, as illustrated in Figure 2, is a kind of two-dimensional location choice behavior (24) with
the concept of dynamic virtual lane-based movements (14), rather than the car-following or lane-
changing behavior based on the concept one-dimensional movement. To analyze the queue
forming behavior of PTWs, it is critical to identify the intention of a PTW when it is making a
lateral movement; then, the relationship between the lateral movement and the causative factors
can be discussed.

D lateral,
i Y P it
=~ < Right
(- o
] [B Do Straight” === =) o A
= A
g D lateral, ",’[ ft
fe-fmmm"
e A e 4

FIGURE 2 The schematic diagram of the location choice decision.

The term lateral movement in this study refers to the behavior of changing lateral position
while making longitudinal progression. The lateral movement of a passenger car usually refers to
the lane-changing behavior. However, a PTW is able to perform an intentional and effective
lateral movement without crossing the lane marking to reach its ideal position in the queue. In
addition, some minor lateral movements could be unintended. Hence, a rule-based method
adapted from (25) is employed to identify the lateral moving intentions of PTWs by analyzing
their trajectories.

An intentional lateral movement of a PTW is defined by: (a) the difference in lateral
positions of a PTW between time t and t+1 is larger than 0.5 m as this width is commonly
regarded as the minimum lateral gap of a PTW (20; 26; 27); (b) a PTW maintains the same
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course between time t and t+2, and the difference in the lateral positions is larger than the width
of a PTW, which is 0.7m; (c) the PTW maintains the same course between time t and t+3, and
the difference in the lateral positions is larger than 0.9 m, which is regarded as the width of a
virtual lane for PTWSs (27); (d) the PTW maintains the same course between time t and t+3, and
the first and the third time steps are both defined as making lateral movements. Due to
movement inertia, the same intention is assigned to the second time step.

It is assuming that a PTW might make a lateral movement if the driving conditions are
not satisfactory. Hence, the rationale for making a lateral movement behind the stop line could
be intuitive: no spaces available ahead, and/or oblique front spaces available. Based on these
assumptions, a lateral movement is linked to the distance to the stationary vehicle ahead and the
lateral gaps next to the stationary vehicle (see Figure 2). A PTW will move straight when there is
no vehicle ahead. The stationary vehicle ahead can be any vehicle types in this study as the size
of a stationary vehicle ahead does not affect the filtering behavior of PTWs, unless there are no
lateral gaps. Hence, the relationships between the stationary vehicle ahead, the lateral gaps, and
the lateral movements of a PTW were investigated.

The frequency distribution histogram of the lateral moving intentions against the gaps to
the stationary vehicle ahead is plotted in Figure 3a, which shows that the frequency of lateral
movement increases when PTWs approach the stationary vehicles ahead to reach locations they
prefer. Hence, the fact that the stationary vehicles ahead will affect lateral movement decisions in
the case of PTWs was considered when developing the model in this research.

In Figure 3b, the relationship between lateral movements and oblique front spaces is
examined. It shows the percentage of the PTWSs that make left/right lateral movements under the
condition that the oblique front left/right lateral gaps are available. The oblique front left/right
lateral gap refers to the lateral gap next to the stationary vehicle ahead (see Figure 2). The results
generally indicate that PTWs tend to make lateral movements when an oblique front lateral gap
is available. However, a large oblique front left lateral gap does not show a large attraction for
left lateral movements due to safety concerns, as the offside lanes are the two-wheeler prohibited
lane and mixed traffic lane (see Figure 1). The PTWs might prefer right lateral movement if the
oblique front right lateral gap is available.

One characteristic that modeling the queuing behavior of PTWs should capture is that the
process to reach the ideal position could last for a few seconds, i.e. the most recent continuous
decisions could affect the current choice. Lee et al. found PTW driver decisions about the
queuing position to be related to the decision made in the previous second (24). This study
further examines the frequency distribution of the time length for finishing a lateral movement.
The modes for both right and left lateral movements are 3 sec. This indicates that the decisions
for choosing the queuing positions are discrete choices made over time and suggests that past
choice history could affect the current choice. In addition, the frequency of shifting to the right is
higher than shifting to the left. This again shows the tendency of PTWs in the surveyed road
environments for choosing queuing positions.
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3 MODEL DEVELOPMENT

This section describes the process of model development. The queue formation of PTWs was
modeled by using a Multinomial Logit Model, which was then visually demonstrated by
integrating the model into a traffic microsimulation system.

3.1 The Model

The decision-making process when a PTW is choosing the location for queuing can be
standardized and simplified as shown in Figure 2. When subject PTW A is approaching a cluster
of PTWSs behind the stop line, PTW A has a series of discrete choices to make over time
according to the surrounding traffic environments. On each time step, it has three choices: (a)
shifting leftwards, (b) keeping straight and (c) shifting rightwards. These three choices hence are
defined as the choice set C. The time step is defined as 1 sec because the general reaction time is
in a range from around 0.7 sec to 1.5 sec (28). Also, this time span is consistent with the time gap
when collecting data.

To employ the discrete choice model to describe the location choice decision, the utility
of a PTW n to choose path i at time t to move to its desired location for queuing can be expressed
as Equation 1:

Ui,n,t: Vi,n,t + &int , fOI’ a” | e Cn,t, (1)

where Uint is the utility; Vint is the systematic component; eint is the random component, and
Cn. is the available choice set. The probability for the PTW n to choose path i at time t is defined
as Equation 2:

“Vint
€

Pne(i) = TR 2)

J€Cn t

where 4, is the scale parameter. Since this parameter is not identifiable, conventionally, an

arbitrary value of 1 is given in this exploratory study (29).

The systematic component, described as Equation 3, is adapted from the general model
for the purpose of analyzing the structure of discrete choices made over time in (30). Vint is
assumed to be a linear function of the exogenous variables Zin and the past outcomes diny, t' <t.

Vl‘n‘l = Zl‘n‘lﬂ_i_ iy dl,n,t—] + D.Z}‘]H dl,n,t—k (3)

= k=1

The exogenous variables Zin: are a vector which represents the observable factors
involved in the decision-making process to determine the choice of the PTWs. These factors are
assumed to be the gap to the stationary vehicle ahead, the oblique front lateral gaps, and the
lateral gaps. S are the vector of parameters to be estimated.

The second term on the right-hand side of Equation 3 represents the effect of the entire
past choice history of PTW n. The past outcomes diny = O if i = keeping straight; diny = 1
otherwise. This term is assumed to be finite. The initial conditions of dint , t' =0, -1, ..., are
assumed to be fixed outside of the model. This term is introduced to capture the effect of the past
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erratic trajectory on the current choice. y are the coefficients on past events and are assumed to
be identical over time.

The third term on the right-hand side represents the effect of the most recent continuous
decisions on the current choice, i.e. once a PTW is commencing a lateral movement, it is likely
to maintain the same trajectory for the next few seconds. This term is assumed to be finite. 4; are
the coefficients and are assumed to depreciate over time.

Based on the above assumptions and specifications, Equation 3 can be formulated as
Equation 4, given that the systematic components of the alternatives shifting leftwards, keeping
straight and shifting rightwards are V), V¢ and Vi, respectively:

Vc= ﬁl diSt

Vi= i + fa lateral; + B3 obliquer+ y history + A; dip1 + Ao0ie10i2 + Asdieadie20ies + ..
} (4)
Vr= ﬂr + ﬂZr Iateralr + ﬁ3r Obllquer‘l"y hIS'[OFy + /11 dr,t-l + lzdr,t-ldr,t-z + l3dr,t-1dr,t-2dr,’[-3 +

where 1 and Sr are the alternative-specific constants. fs, y, and As are unknown coefficients to be
estimated. The attributes are defined as:

dist : the gap to the stationary vehicle ahead,
lateral : the lateral gap of the subject PTW,
oblique : the oblique front lateral gap, and

history : the number of lateral movements in the past trajectory, history= 2d.

intj *
j=

3.2 Model Calibration and Refinement

The parameters in Equation 4 were estimated using Biogeme (31). By virtue of the
trajectory details held in the database, the complicated variables in this model, such as the
interactions among vehicles as well as the past decisions of each vehicle, were possible to
calculate. The calibration of this complex model finally turned out to be a standard Multinomial
Logit estimation.

The estimation results for Equation 4 are listed in Table 2. The adjusted p? value is 0.437,
a pretty high value for a discrete choice model. However, several coefficients do not pass the t-
test. Some coefficients, such as 1, A2 and 4, exhibit unexpected signs. Hence, the model was
revised according to the results of a series of tests and estimations.
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TABLE 2 Parameter Estimation for Equation 4

Name Value Std err t-test  p-value  Robust Std err Robust t-test  p-value
B -3.16 0.218 -14.52 0.00 0.230 -13.76 0.00
Br -2.38 0.177 -13.50 0.00 0.179 -13.34 0.00
i 0.01 0.003 3.88 0.00 0.003 3.94 0.00
B2, P -0.01 0.023 -0.23 “0.82 0.023 -0.23 0.82
B, Par 0.21 0.021 9.73 0.00 0.019 10.72 0.00
y 0.00 0.022 0.07 0.95 0.022 0.06 0.95
A 2.02 0.122 16.48 0.00 0.121 16.69 0.00
A2 1.03 0.194 5.33 0.00 0.197 5.24 0.00
E -0.12 0.263 -0.44 “0.66 0.272 -0.43 0.67
A4 0.11 0.355 0.30 0.76 0.372 0.29 "0.78
A5 -0.51 0.462 -1.11 0.27 0.481 -1.07 "0.29
A6 0.12 0.520 0.23 “0.82 0.554 0.21 "0.83

" Does not pass the t-test
™ Does not pass the Robust t-test
-p? =0.443; Adjusted p? =0.437

According to the test results, the variables history and lateral were removed. It seemed
that the number of lateral movements in the past trajectory did not affect the current decision, as
the frequency of lateral movements was low when the PTWs were far away from the stationary
vehicle ahead (see Figure 3a). Also, the lateral gap of the subject PTW did not affect its intention
to make a lateral movement, as the lateral gap was not the causative variable of a lateral
movement. In addition, the test results indicated that only the most recent two continuous
decisions affected the current choice. As the preference for right lateral movements was reflected
by the differences in the alternative-specific constants £ and S, the coefficients for the oblique
front left/right lateral gap, S and far, can be identical. Finally, the revised model can be
formulated as Equation 5. The estimation results are listed in Table 3.

Vc= ﬁl diSt
Vrzﬁr + ﬂSr OinQUEr + M dr,t-l + /12dr,t-1dr,t-2

Vi= A + fa obliquert A1 dig1 + Aodieadie2
)
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TABLE 3 Parameter Estimation for the Revised Model

Multinomial Logit Nested Logit

Name Value Stderr t-test p-value Value Stderr t-test p-value
B -3.19 0.14 -23.39 0.00 -3.14 0.18 -17.27 0.00
Br -2.39 011 -21.22 0.00 -2.35 0.14 -16.79 0.00
i 0.01 0.00 4.53 0.00 0.01 0.00 4.49 0.00
B, Par 0.21 0.02 9.92 0.00 0.20 0.02 9.30 0.00
A 2.02 0.12 16.56 0.00 1.98 0.14  13.78 0.00
A2 0.93 0.15 6.28 0.00 0.92 0.15 6.24 0.00
Hnest_a - - - - 1.00 - - -
Linest b - - - - 1.05 1.11 041  *0.68
p? 0.442 - - - 0.442

Adj-p? 0.439 - - - 0.439

" Does not pass the t-test

It is found that all the coefficients estimated for the Multinomial Logit model show the
expected sign and pass the t-test. The negative value for g and fr means that PTWSs usually move
straight by default. gr is larger than £, thus indicating a preference for right lateral movement.
The positive value for f1 shows that when the distance to the stationary vehicle ahead is further,
the probability for the subject PTW to move straight will be larger. The positive value for 3 and
[3r shows that the probability for the subject PTW to make a lateral movement increases with the
width of the oblique front lateral gap. The positive values for 11 and A2 indicate that the current
choice will continue the decision tendency of the previous two seconds. This is consistent with
the analysis in Figure 3c that the intended lateral shifting would continue for a few seconds.

For a Multinomial Logit model, the assumption of the Independence of Irrelevant
Alternatives (I1A) is implicit. The Hausman-McFadden test (32) was employed for testing the
model in Equation 5. The testing results indicate that 1A has not been violated between the
alternatives of shifting leftwards and shifting rightwards (°=6.34, df=4, p=0.17). However, 1IA
does not hold between shifting leftwards and keeping straight (y?=202.16, df=5, p=0.00), nor
between shifting rightwards and keeping straight (y?=35.51, df=5, p=0.00).

Since the Multinomial Logit model did not pass the IlA test, a Nested Logit model was
developed to describe queue formation behavior of PTWSs. The alternatives of shifting leftwards
and shifting rightwards were grouped in a nest named Nest B. The alternative of keeping straight
was named Nest A. The calibration results are listed in Table 3.

On the right of Table 3, it is found that all the coefficients estimated for the Nested Logit
model show the expected sign and pass the t-test except the parameter gmest b. This is critical as
Lnest b 1S the scale parameter for the nest containing the alternatives of shifting leftwards and
shifting rightwards. When this parameter does not pass the t-test, it implies that the improvement
from the Multinomial Logit model to the Nested Logit model is not significant. In addition, the
values of p? and Adj-p? for these two models are almost identical. Given that the Nested Logit
model is more complicated and has more parameters estimated, the Multinomial Logit model
might be the one which fit the data better. Under these circumstances, the robustness of I1A test
for this study might be challenged as 'l11A tests often reject the assumption when the alternatives
seem distinct' (33). Given that the three alternatives in this study ‘can plausibly be assumed to be
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distinct and weighed independently in the eyes of each decision maker' (34), the Multinomial
Logit model might be the better one for describing the queue formation behaviour of PTWSs in
this study.

3.3 Model Demonstration

After the calibration and the comparison between the Multinomial Logit model and the
Nested Logit model, the latter model was selected and integrated into a microsimulation system,
Bikesim (14; 25), using Equation 4 to demonstrate the results of the developed model. Bikesim
IS an agent-based traffic microsimulation system based on the concept of the dynamic virtual
lane-based movements of PTWSs, and is capable of representing the non-lane-based movements
of PTWSs. The agent-based modeling technique has two important characteristics which make
Bikesim suitable for demonstrating the performance of the model developed in this study: (a) an
agent in the system has its memory; (b) it interacts with other agents and the local environment
according to simple rules. The memory of an agent is able to store the past decision experience,
and the model developed in this study can be implanted in the action rules. Hence, the agent-
based modeling technique is able to represent the queue formation process of PTWSs behind the
stop line.

The geometric design of the data collecting site and its signal cycle were re-built in the
system, including the lane widths, the advanced stop line, and traffic convention. The nearside
consisted of the on-street parking spaces. No vehicles were assigned to these spaces. The lane
next to the nearside lane was the two-wheeler priority lane. The percentage of PTWSs generated
in this lane was set to be 90%. The second lane next to the nearside lane was the mixed traffic
lane, with 50% of PTWs assigned. The next lane was the two-wheeler prohibited lane with 100%
of cars assigned. The left-turn lane at the offside was not built in the simulation system. Each
signal cycle was 100 seconds. The green periods were 50 seconds, followed by 5 seconds of
amber and 40 seconds of red. A total of 100 simulation runs were conducted. The traffic volume
was drawn from a uniform distribution between 30 vehicles and 60 vehicles each signal cycle.
The traffic was assign randomly to the lane.

The queue accumulating process of PTWSs in the simulation system was observed. By
comparing queue formations and the patterns of PTWs (see Figure 4), it is found that the
simulation system is able to represent the scattering patterns of a cluster of PTWs.
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FIGURE 4 Comparison between the simulation results and the empirical data.

The traffic passed the stop line in the first 6 seconds and second 6 seconds were collected,
listed in Table 4. The statistics calculated from the empirical data were also listed for comparison.
The data from simulation and field survey both show the burst of PTWs at the beginning of
green phases, which matches the observations in (10). Both dataset also represent the start up lost
time of cars. However, the figures between the two dataset do not fit excellently due to the large

variations within the empirical data.
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TABLE 4 Simulation of the Dispersion at an Intersection

Mean (veh) Std. Dev Median(veh)  Max. (veh) Min. (veh)

Empirical data

PTWs 0-6 sec 9.78 3.35 9 16 4

6-12 sec 4.61 2.64 5 10 1

Cars 0-6 sec 1.44 0.86 1 3 0

6-12 sec 2.33 0.84 3 3 0

Simulation results

PTWs 0-6 sec 11.96 4.92 12 19 6

6-12 sec 9.96 6.05 8 19 6

Cars 0-6 sec 1.01 0.19 1 1 1

6-12 sec 1.77 0.38 2 1

4 CONCLUSIONS

This study provided insights into the formation of queues by a cluster of PTWs at signalized
intersections. Panel data containing detailed information of vehicular trajectories and discrete
choices made over time were collected from the real world to support the problem analysis and
model development. The Multinomial Logit Modeling technique and the Nested Logit Modeling
technique were employed to fit the dataset. The Multinomial Logit Model was selected to
describe the queue formation behavior. The model was integrated into a traffic microsimulation
system to exhibit the performance of the model visually. The patterns of the queues from the
simulation and from the empirical data were compared and it was found that the outcomes of this
study were able to represent the phenomena occurring in the real world.

The main novelty in this paper came in the treatment of each decision of a PTW made
over time and the modeling of the effect of past decisions on a current choice. This paper also
demonstrated the virtue and power of the vehicular trajectory database that was used to assist
with the model development, calibration and revision. Also, this study provided a thorough
analysis of the critical factors affecting the queue formation of a cluster PTWs and developed a
model to describe such behavior, which has rarely been studied in the literature on this topic.

Further studies can focus on improvements to the model, such as employing more
advanced modeling techniques, such as the Generalized Extreme Value (GEV) Models to nest
the intended and unintended lateral movements, fitting better distributions for histograms Figure
3a and Figure 3b, collecting a larger data set to validate the model, comparing the queue
formations in different cities and countries, etc. Also, the impact of queue formation of PTWs on
intersection capacity can be studied.
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