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ABSTRACT

In mixed traffic conditions, the conservative driving behavior of autonomous vehicles (AV) would
negatively affect overall traffic performance. In order to manage mobility and safety in mixed traffic
conditions, it is essential to scientifically evaluate driving behavior using autonomous driving data
collected from real-world. This study proposed a methodology to evaluate the driving behavior of
autonomous vehicles (AV) and manual vehicles (MV) at different types of intersections using the
Waymo Open Dataset. Urban street were identified through video data, and the autonomous driving
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conservativeness index (ADCI) was devised to compare the difference in time-to-collision (TTC)
based conflict rates between AV and MV in car following situations. The results showed that
unsignalized 4-way intersections had the highest ADCI value, indicating greater conservativeness in
driving behavior. This indicates the necessity of analyzing the driving behavior of each road section
and deriving support measures to prevent AV from negatively affecting the overall traffic
performance in mixed traffic conditions. The methodology of this study is expected to serve as
foundational for analyzing factors affecting AV using real-world datasets.

Key words : Mixed traffic condition, AV driving behavior, Intersection, Waymo Open Dataset,
Conservativeness
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A HHA BAS Bl A& dolEET FHo] FFEHATHHu et al, 2022). T3 AHY] FYAEE
Waymo 32 & °]X](https://waymo.com/open)°ll ENE AEE L&At A&2k 3 AQ 259 G4
Age TS AAHAA FHE ARtk e T AX A5} YRS I AHAA FHE A
go|t}, HolHE= ZF 1000718 A7} FZHurban street segment) S £33l 10X, 9] BAVIZ TS
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<Table 1> Dataset specifications

Attibute Unit Description Attibute Unit Description
Float, global inate of the
segment_id - Integer number, from 1 to 1000 global_center x | m oab &0 ,X coordinate of the
object center
Float, global inate of the
frame_label - Integer number, from 1 to around 200 | global_center_y m ol 810 .y coordinate of the
object center
. . . Float, global dinate of thy
time_of_day - String, ‘Day’/’Dawn’/’Dusk’/’Night’ global_center z | m odh, glona’ = coordimate ot fhe
object center
location - String, abbreviated names of US cities length m Float, length of the object
weather - String, ‘sunny’/’rain’ width m Float, width of the object
obj_type - string, ‘vehicle’/’bicycle’/’pedestrian’ height m Float, height of the object
- . . . . Float, global heading for AV,
obj_id - | ‘ego’ is AV, other ids are detected objects heading m oal, & o.a cading tot .
local heading for other objects
global_time_stamp | - Float, Micro seconds since Unix epoch speed_x m/s Float, speed x of the object
local_time_stamp | s | Float, Local time from Os to around 20s speed_y m/s | Float, speed y of the object
local_center_x m | Float, local x coordinate of the object center accel_x m/s* | Float, acceleration x of the object
local_center_y m | Float, local y coordinate of the object center accel_y m/s® | Float, acceleration y of the object
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Attibute Unit Description Attibute Unit Description
local_center_z m | Float, local z coordinate of the object center | angular_speed | rad/s Float, angular speed x of the
- - ’ ) - object, only available for AV
laser_veh_count - Integer number, the number of vehicles detected by Lidar in current frame

A-gAkel viAbEAte] FHYEE vlwsty] flof A 4T AE B HUEA Q] TICE 2833t
TICE AFEst7] Sleixe A AFae] atAE 2 5 2po] AE7F D asith b <Fg 1>9F 2]
2k FF o] Aol 33 A7FE B g R MASAT =3 B4 &8 AXE ° 73 AF 2
S+ (Autonomous vehicle, AV)9} BIZ-&X}(Manual vehicle, MV)S] & FF #HoJE 31FAV-MV
MV-AV /| MV-MV) 2.2 783} A3tk AVE FE3H= MV 30 3 MV-AV)= A8 2l A-&3ke]
Bl FHPE7E T3 2] vAEAte] FHAE I A FEFE = F AVIEEC &4 ol HAk
E2te] FYPPHE HED 5 JUvh wes] B AFolA s MVE FE8E MV 3o} FZ3MV-MV)THE 53
H|2-&2e] Y E FE3HTE HFTHOE MVE F53t AV Hof A3AV-MV) 145713 MVE FF
= MV #H o] AFMV-MV) 77508 B4 28381

Driving direction

a . MV-MVpai) o
0. I > ¥
(AV-MV pair)
£ Segment3 e 0
] Analysis target

+ AV : vehicle 0
* MV : vehicle 3 and 5

global center x (m)

<Fig. 1> Selection of analysis vehicles
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EAGT A E B0l BAZIETRE 13299 A9, AV-MV o] 17, MV-MV o] 7710] ERJgtth o]of
TR AARe viAEAe] wlolH et dan. AT oE wAE §3E HolH AR A
5 Aeke} HIARE R MEFE <Table 2> AASHATH

<Table 2> Number of segment by intersection

Intersection Number of data segments Vehicle type Number of samples
3 ignalized i i 17 AV ?
-way signalized intersection
y siena MV 45
4 ignalized i i 265 AV 120
-way signalized intersection
v sien MV 668
AV 8
3-way unsignalized intersection 22
MV 44
AV 8
4-way unsignalized intersection 24
MV 18
AV 145
total 426
MV 775
V. BHE

1. X258 EM(Conservativeness)

PAAEE Bl AR FEL 3A AT WA 47 AE wAE, 37 HAE A2 9 47 HAE 1
AR Z FESAT oju] 7 B2 G AFY FIPHIF OE F Utk dE B0, B EE F3
A BE 3 OiE S5 237 24 34E F Aa, AR dA 842 5 Aok olH3E Aol & QIS
WAR F8E vlwgel AiA A-&ate] HUIARE RS VEoE #ad A, 54 FAtlA T3
7 g siAE 7hsAdol Aok mEks B ATl watE fF o mE A&t FAFHE HIHE ol
TYS FHolA TS viAEAL e d A vl E T 2T 8ol It AT o)
WA Ee 59 ANAYE BT X3 TIC 45 &S E83t¥on, vA-gaket A& TIC 4%
E9 A AolE YERE AEF3 H4A X E(Autonomous Driving Conservativeness Index, ADCI)S

ofh
>

% MV_TTC conﬂlct
i@ avTTC confllct

TTC-based I

conflict ratio . "
Relative difference

= Conservativeness of Autonomous driving

segment A segment B segment C segment D segment E segment G

<Fig. 2> Conservativeness description
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< <Table 3>°l A8} Th.

<Table 3> Descriptive statistics of average speed and spacing

Categories Intersection Vehicle type Average Standard deviation Max Min
AV 14.9 15.98 49.79 1.91
(1) | 3-way signalized intersection
MV 11.48 752 2599 1.51
AV 15.55 14.11 61.63 0.61
(2) | 4-way signalized intersection
speed MV 14.69 12.46 72.76 0.32
(kph) o ) AV 15.05 9.36 29.52 4.14
(3) | 3-way unsignalized intersection
MV 15.73 14.08 56.27 1.91
o ) AV 9.76 5.36 21.10 3.13
(4) |4-way unsignalized intersection
MV 15.16 12.42 63.47 4.61
o ) AV 1331 10.38 38.95 593
(1) | 3-way signalized intersection
MV 825 4.12 18.29 1.83
AV 16.33 10.77 52.9 3.44
(2) | 4-way signalized intersection
spacing MV 9.85 6.96 66.04 1.54
(m) o ) AV 20.11 14.75 47.19 7
(3) | 3-way unsignalized intersection
MV 9.25 4.68 21.68 1.67
AV 13.33 473 19.22 7.56
(4) | 4-way unsignalized intersection
MV 8.6 4.1 2147 424

Graphical illustration of average speed and average spacing

speed 1516 spacing ! B AV 1
(kph) . (m) 20.11 i MV i
16.33
13.31
9.25
(€] ) 3 (4)
2. o7 diHE
R ARR A8 HolEAE Ao Aga Tl G%E W 4 dE B =z asd el
Soll tgk £Ao] 7hssiATh e E2 wEH 82 T FUYAERE FE vlolEH e EAVIETIRE wat
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T3 A4 A=E B3 AFE B4 A AL} vAEAY] TIC &S AE3 TTC 45 E2
4 i Gt wAE FF G E QA" o]F FEE 47HA] wAE FF we} A-Exke) vAEA}
9] A4l FE] Zolg Yelle AR 2S5 H4Ad A F(Autonomous Driving Conservativeness Index,
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o FYYHE Beltky YT 5 Utk AFHOE A BEHY FYe BAE #3E H
o

Z
stom, A7 EFEE+ <Fig. 3>°ll AlAEAT

Ranthi Rarty2%
Dataset:
Analysis dataset Derivation of safety indicator

= Select indicator = TTC

~—-r— = Driving trajectory data ]
= Calculate TTC conflict rate

~—r— = Driving video data

]
]
]
i
i [ Aggregation of safety indicator
S Analysis target e » = By analysis target

! = By road segments

(Following vehicles in car-following pair) !
= AV (Autonomous Vehicle) Fmmnt I
= BAiManualVehicle) Derivation of ADCI
(Comparison of MV and AV)
g mvy AV

) Classification of ADCI; = Ry, - CRygl, (%)

intersection road segments I
[Intersection] . n

) ) . . Comparative evaluation

= Signalized intersections

* 3-way & 4-way intersection = ----- (1) MV TTC

= Unsignalized intersections ?:)”f:j:s Relf;",’,i:'ﬁere':w
* 3-way & 4-way intersection conflict rate
If ADCI,)ADCI ey,

then a is the intersection that leads
to conservative driving of AV

<Fig. 3> Overall research procedure
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o]:?‘zi SE27A EAL metd = ok ADCIOl W3 AP S S <Fig. 4>0l AAIEtaL, ADCIO] thgk A-=2]
< Eq. ()l AA3HAT
Abrupt deceleration
- of leading vehu:le —
A
W — 1l
—— ——
Increased risk of rear-end collision

= "TICHIE=TS ColiSiCNiCERMICtE —~=~=-=~"~=~=r=m=m=ssmommmsmo=cnoes P \
1 _ iz lygy=6

| o i CRrrc, = =57 % 100 (%) |
! VevieVivie H
] z 1
! AV MV Sp— L/\'v‘wf\ «'\(“'WJ !
! Y / i normal |
i _,/}D_f::’_\ﬁrs,f_—_*:{?_\.ﬁ{ - Z\M_A M ,J\JJL_’ - Mzoniiat |
] v 4 1
] 1
:‘ time stamp ()" Threchold (1.5s, 25, 45)  tmestamp () j
- ADCI (autonomous driving conservativeness index) ------===========-——mm—mmm oo \
[ 1
1 1
! ADCI = CRMY. - CRAY. (%) i
; i ? v Higher ADCI E
1 T —— 1
L s {5 MV_TTC canflict | . . = more conservativeness |
i { @ Av.TTCconic Relative difference driving i
N - =ADCI . . !
i v Identification of i
! intersection types !
i g a I leading to i
! conservativeness of i
1 C 1
i W @ ) @ @ AV driving |
i segment C segment D segment G E
\ r
<Fig. 4> ADCI conceptual diagram

MV, AV,
ADC] = CR TTC —CR 16, (%) .................................................................................................... (1)

71X, ADCI, : Autonomous Driving Conservativeness Index i

CR Tn% Conflict rate of MV for road segment i (%)

CR ;TVéH : Conflict rate of AV for road segment i (%)

ADCIZ A&3o) 27t A28 B9 7R %< TTC(time-to collision)S &3 A3Th TICE 2}k
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AAE T QLS AANEAUTE Hu et al.(2023a)S 1%, 2%, 4329 TIC YAR}S AAsle] E4& frﬁl&ﬂ?ﬂb‘r.
Kuang et al.2015)S 3 A8-S FRE7] 93 TIC YAZES 1523 AgHsidet oS vgos B o3
N E TIC YAGS 15%, 2%, 428 HAs 1, ?—83 AZHE a3t dA G w2 *J%‘—%% HIIA &

2 &89t TIC A& 743 A5 E A4E24S Eq (), Eq. 3)°ll A

VFV.f - VL V.t

A71M, Vyy, : Speed of the following vehicle at time ¢ (1m/s)

Vyy, : Speed of the leading vehicle at time ¢ (m/s”)
s, : Spacing at time ¢ (m)

ORTTC; — Zf* 100 (%) ................................................................................................. 3)

714,  CR;y, ¢ Conflict rate based on TTC with threshold ¢
0 : Conflict threshold value

T : Total travel time in road segment

t; : Observed TTC value at time 4

TEE A 22 FEEE 2AExe} HAEAkY] TTIC AS5ES 371 IAHS 71F02 A&
ol fr&stA &L HOlHE AASALH, FAsHA &2 HolH A 7|EL t5 Atk

1) 24 i abgo] T AE Bt A A Ao L2571 =9 A

2) TIC #°l = 4&d 4¢

DO B35, HelE 3 AZEE A FF o] X %Low B U A S F A we]
e, AFH TIC & $Ho BT & YLOE HolHE AARAL. 299 B, JlBHOE At
SIS ® TICE 0 olse] 47} e s}xm A% dolEe] GRS Sl A3 st 1
814 ex9b7] whiol Hold ol E Beksta AASAL <Table 1> olH @ FE5A ke HolHE A
A% ol 59| Akgolt

ATNH A B dolEl e AU E A8 Bolhs B3 483 Wik okl F uIA-& o
U@ %9 A4 R 2Hle] FHssThs Holth o Beste] YAARE MO TR WA 59 U
AW Fros BFH dolHolA Aeatsl wALAe] FAYE H@st s o 5
aazol AFshs Pl A AeRsh wALA TIC $%5E Adksiel wlag & ok
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Al A BIAFE Ao} 22tk AT Q] Abe] k] ADCIE E-8319 Tt ADCI| 4H& 23, & TIC ¥A

ANA BIAEAY FFEC] AEAET FA =SEHUAT 37FA AR WE AEAke}t BlA-EAY] TTC
I%E3 ADCI 4tE Z3E <Table 4> AASAT

g

&
3

<Table 4> ADCI calculation values

No Interrupted road segment Group TIC TTG, TTC,
AV 0 0 255

1 3-way signalized intersection MV 0.06 0.12 4.89
ADCI 0.06 0.12 2.14

AV 0 0 5.79

2 4-way signalized intersection MV 0.09 0.52 6.39
ADCI 0.09 0.52 0.6

AV 0 0 397

3 3-way unsignalized intersection MV 0 0.13 5.29
ADCI 0 0.13 1.32

AV 0 0 1.70

4 4-way unsignalized intersection MV 0.19 0.87 13.86
ADCI 0.19 0.87 11.36

TTCq5 TTC, TTC,
(ADCI) (ADCI) ; (ADC) 11.36

0.87

0.06

0.12 0.13
(1) ) (3)

(1) (2) 3) (4) (1) (2) (3) (4)
(1) : 3-way signalized intersection

(2) : 4-way signalized intersection

(3) : 3-way unsignalized intersection

(4) : 4-way unsignalized intersection
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wAE FPE ADCIE 4H=3 A3, BE TIC AR A-5olA 44 BlAls wat27} 7 54 =253
k. TTC YAl 1522 4%, 34 HlAE w2tz ADCIZ} 02.2 UrE‘r‘*E} ol dg Tl A A&t
oF H|AEA} B 15% o]ste] TTC #kol $s& 9wt TTC YAIgke] 4281 7459 oh& dAF: i
42 HA%E WAZ ADCIZE FEg 2o)E BT, 34 A3 w2 F HAZ =2 S B9 HF
HOZ 47 HlAE wAEE T8 wARE F30 vl A&t Byido] Fom, A&t Byl F
JHE Holz= AL RIT & Uk

2AEFY 7lEeS WAL A, 1F AT 843 % s 584 T 22 B2 wFAA N g

WELE 7S ZAlEo] Ak olF 98 Tl V1S AER AL} HAES st AT He
& A%, AHE weog AT AL olojzta Ak I AEFY HAE F A& o 1wy
£ LEAT AE A7t AA REEEC $AH FFL v1A £ AL AT BE Edus
T 870lA AeAe] tAstm EEH FHS AME B H2E £3 A HolHE ngoR
T E205A Q01 mEste] 3 Mk A Past Ik AT Waymo Open Datasetd 22 &
AR dlolElAlo] WA meh Axg SANA AR T AL TR 2215 g 452

2ajo] Zhsa Ak
B ATolAE ArE a3 ol Moz mAe f3e nHS FAY vl B4 e
AN $4 O £ A2 RS JUARE LA, 487 29 A7)
o W F 22T ?; o2 PRSI, FU AH AN AF FF Ao 3B FY AFL B
2%, 422) QAgkel WE TIC AEEL AL, A& nA-&7e] Ar)A

oz MAste 1.5%

Al F3YYe ApolE UrE}LH z} 3 BEA A EADCHE Ay, ADCIE B8 WAtz §38 5343
BE Bl FGrketgith BE AolA 44 HIAE wAE7F & ADCIE Bom, ojs A&7} 44 HAl
T WARNA T R4S Bolo, HA-g&A g REyHolA FFHe ofu|sith

47 NS wAR oA AeAte] B el FHE O] Al e ol FAT Atk AA, A&}
o 3 %}11“4%% IS HeAdor AAFHo It GY Rl Bl wAze} e B3 Ve AT
vat7] Sfell Bzl F deks AHT Aot whebd Az {2 A £EE Fol,
o we 94—"%31 2dS s8] FHsA FAL ThsAol =tk €4, AT wAEE AEFo
ol =2 o] &2} ko] Aol HS Bttt Agate BE WA HIske AFE s
3 oF o}‘ji HazQl F4& AEsA 2 Aol
B0l 7HE o= AR AYT o A, eE xR At 3w
°JHE %P%o}&l BAe Y8t 2] ddA S 4k B4, AEAe T3 AR 9%
ERTZ 7ol 7hedtth YEARE AR AR §¥S Tk, 7 AEAte] F33
Brretath A, EFuEF SN AeAte] FHYE Hrietel HA-EAte] FYYHE WGt
LY wAE ¥ nz—ffﬂﬁ& AgAeh HlAEAe] AR FHYE Aol AeFH By A
AA G ol 2 Fall wAERl ] Aexprt 7P REH o Fste wAE 43S #ed 5
4 AL 7 E AR B 20 AR V1€ B2 asAA A ¢ olFE S T
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AAQ FAYe 7HA ok dA ok T 24
/] Byl FPPelrt AA aFsFol FAAA G2
F& AHE tiRlste] 42 HIAS watRd A AT oS
Intelhgent Transport Systems)S] 73 AR AF3} o], A&7} kst ELAA + 3% ’3]'7] A
g FR 4A] R E WAtz FH 4% RS AlFshes =z rhold s ARE 88t AT S
ZO R o FHrh
B AT AHAEE w07l A e Tt 22 F7HAQ A7 B astit &RH AEE A&zt tolH
Atk Mol oozt dot, Bl &&3 Aext AZ9 HAEAY] AE
g Zol7t Slof vlolH - #olgte AV EATT B AFolAE o] SH3 ] sl empZP A A
HAZES A7EHE AN 1Had o, 4 dHolg o A&7 &8 FREA FU7] WE
g A&shs Aol 235 A= rhsdol tta ddsit. webd &5 F713
E S5% et ok A, 273 o] flodl® At e WA F
ZAEH, FAEE T3 MR FF AR B2 s 24
of gt R o] 7hssttt olo] met ALA Fhol| IS F= oE F/HHY 8AEd v A7
Fed ALR 3T AA, nxze Aot ZE oFA aRld &S A
5 23 9J5A ale] o] HiAlE FRtoly AH A9 }%5‘}9] T3
Y watE Q"ﬂ E} k@ &R EEFES wgete £4& AAlsta, AR

$2 229 47 WA AR A8
ahec. 1% gzi oF trhe A
l

fol
[e=2)
Og(:’r‘
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