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Abstract: Aiming at the mixed car-following environment composed of automated vehicles (AV) and
manual vehicles (MV), the impact of AV on car-following behavior of MV based on Waymo open
dataset was studied. The modeling ability and model parameter changes of the desired safety margin
model and the intelligent driver model in the mixed driving environment were explored, and the results
showed that the mechanism of car-following behavior of MV in the mixed driving environment did not
change, but the MV driver was less sensitive to deceleration. In addition, the MV car-following behavior
of the mixed environment in terms of safety, stability and environmental performance was further
analyzed, and the results showed that the stability and environmental performance were improved, but
the safety did not change. Moreover, the speed volatilities of the leading vehicles were discussed, and
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the results showed that the leading vehicles of AV mainly suppressed the speed volatility of the rear

vehicles of MV by reducing its own speed volatility, so as to improve the performance of the rear

vehicles of MV in terms of stability and environmental performance.

Keywords: traffic engineering; car-following behavior characteristics; naturalistic driving data;

manual vehicle; automated vehicle; mixed traffic environment
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Fig.1 Case diagrams of MV and AV scenarios
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Tab.1 Statistical results of extracted cases
MVizi AVt
Seitdetn IES JE 4 GIER a4
BEE/(mes) M (mes ) EEE(mes)  EE(mes ) EEE/(ms)  EE(mesT)  EE/(ms) M/ (ms )
¥ifd 12.95 0.07 12.87 0.06 14.27 0.02 14.40 0.02
brifE2E 6.37 0.57 6.30 0.59 6.45 0.55 6.41 0.54
/M 0.00 -3.53 1.45 —4.46 0.82 -3.03 2.11 -3.28
BRAE 30.76 3.16 32.58 1.50 29.69 272 31.84 1.50
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(15)

E =Eco, (nvsp) Xt + Eco (vsp) Xt + Eno, (vsp) X 1+
Enc (vsp) X t (17)
A, Eco,(vsp),  Eco(vsp),  Eno, (nvsp) il
Enc (pysp)73 9 0 75 24 6 VSP &4 F, CO,, CO,
%* 2 AE VSPERTFHHME

Tab.2 Average emission rate under different VSP

Eco, (nvsp)/ Eco(vsp)/ Eno, (vsp)  Enc (7vsp)/

YR
(gs) (mg's ") (mg's ) (mg's ")
TVSP<-2 1.671 7.807 0.901 0.450
R — 1.458 3.908 0.628 0.257
0<nysp<l 1135 3347 0.346 0.406
I<pysp<d 2233 8.335 1173 0.432
prs— 2,920 10.959 1706 0.530
7<nysp<10 3.525 17.013 2368 0.705
10<nysp<I3 4107 20.026 3.103 0.822
13<nysp<l16 4.635 29.222 4234 0.976
16<ny5p<19 5.161 35.531 5.069 1112
19<nysp<23 5.633 55.068 5.865 1.443
23<nysp<28 6.535 113.824 7.623 2.061
28<pysp<33 7.585 207.586 12.149 3.373
33<pysp<39 9.024 441.775 15.456 4.857
vsp>39 10.088 882.300 17.863 10.948
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Ho ZEEREW, WA ET MV 2500 K
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43 REMSH

YRGS RME 6 R, 1
MV 5 M AV 5T, S5 ERE ) THW 535108
2.13 s fi1 2.23 s, FJ SM 433l K 0.89 i1 0.88, H:
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Tab.3 Statistical results of fitting errors of DSM model and

IDM
FEXT AT BRAYRMSE/m
PR R = b
YiE b2 B/ME O BRRME
MV 0.70 0.69 0.07 4.41
DSM 0.904
AV 0.68 0.64 0.05 5.05
MV 0.74 0.57 0.08 474
IDM 0.729
AV 0.77 0.55 0.09 2.40
oMV e AV
p<0.001%**
1.6 |
14}
12}
£10
08} o
£ 0.6 2%
0.4} / / 4
0.2t /_'/ ’:/ \ /'//, /
0 /s 7 77
DSM 5% IDM

2 MVZEEMAVHETERE
Fig.2 Model fitting errors in MV and AV scenarios
F 4 DSM ERIRESHNSITER
Tab.4 Statistical results of DSM model calibration
parameters

BRIZE  HIERE M feEE RuME RO B

3 X MV .12 059 0.30 2.00
SN RS [ 0.715
AV 111 0.63 0.31 2.00

: MV 0.74 0.16 031 0.98
GEME TR 0.820
AV 0.75 0.16 0.32 0.98

MV 091 0.04 0.85 0.98
LM LR 0.091
AV 0.90 0.04 0.85 0.98

MV 13.79  9.22 0.10 30.00
<0.001
AV 10.15  9.04 0.10 29.99

MV 1065 9.4l 0.10  30.00
PSR T 0.087
AV 898 834 0.0  30.00

44 REGEDH
RGBT IG5 R3 6 i . 7E MV 3
FHAV 5T, FARIEE VolFi 2254 0.54 m's '
1 0.44 m's ', i MAD 43 %k 0.37 mes Al
034 ms , HADREME 4 558, JESEE KR
SR EW, VIR T HEE VolFi /A4 BN
# 5 (7=2.480, p=0.013), Jili% & MAD N74E 2
VR 2 R (Z=—1.419, p=0.156), BITHIEET AV
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Tab.5 Statistical results of IDM calibration parameters

BRSE AR M9 bRdE fR/ME R R

MV 495 3.05 1.00 8.00

B 0.607
AV 472 301 100  8.00

. MV 251 193 0.0  5.00
G AARXT A [AIBR 0.404
AV 233 184 0.0  5.00

) ) MV 127 077 010  3.99
LA 0.665
AV 125 083 010  3.78

- MV 1.07  0.71 0.10  2.00
RN 0.484
AV 099 066 010  2.00

. MV 209 165 010  4.00
R 0.076
AV 233 161 010  4.00

F6 MV GEEERERNEITER
Tab.6 Statistical results of performance indexes for the
following MV

B0 RIA2EE B pRifie muME ROAE BENE

MV 213 0.72 0.69 451
3t iE/s 0.166
AV 223 073 0.80 4.03
MV 089 006 059 1.00
YRME 0.195
AV 088 007 052 0.99
B VOIFi/ MV 0.54 042 0.03 239
0 0.013
(ms ) AV 0.44 039 0.04 2.05
HEEMAD, MV 037 021 0.03 1.42
5 0.156
(ms ™) AV 034 019 005 0.88
SRR/ MV 898 2.8 000 23.56
o 0.017
(L-100km ) AV 836  2.68 422 17.05
T MV 196.57 89.16 4142 537.16
o 0.003
(g'km ) AV 168.04 78.05 3296 421.95
sMV 75t s AV it
35¢ 11.0
3.0} §
: \ / losg
2.5+
220t 10.6
z =~
F 15t {04
1.0f
sl 10.2
0

A3kt
B3 MViIZEFAVIHE TR MEER
Fig.3 Safety indexes in MV and AV scenarios
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Tab.7 Statistical results of model parameters and performance indexes of the following MV in paired cases
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