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Evaluation based on ITC of rear-end collision safety of
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Abstract: To control collision risk and reduce the occurrence of rear-end collision accidents during
the large-scale application of truck platoons, the traditional traffic conflict evaluation method was
improved, and the safety of the self-driving truck platoons was analyzed and evaluated.
Considering the road surface resistance and coordinated control, the intelligent driver model

(IDM) was improved, and two car-following models suitable for self-driving truck were
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established, the car-following model considering the road resistance (IDM + ) and the car-
following model with cooperative adaptive cruise control (CACC). The car-following model was
then applied as the basis for platoon control. Regardless of the individual types of vehicle control,
the MATLAB numerical simulation experiment was used to obtain the time-varying curve of the
platoons and the state of the car-following model. Two kinds of collision-time functions, time-to-
collision (TTC) and the inverse time-to-collision (ITC) were used as evaluation indicators to
obtain time-varying curves of safety indicators, and the advantages and disadvantages of the two
indicators were compared. Based on the numerical simulation experimental results, and the ITC
safety discriminant criteria, the qualitative analysis of truck racing follow-up safety was
performed. Platoons of three trucks under the IDM + and CACC car-following models were
included in simulation experiments. The results show that CACC can improve the stability of the
truck racing follow-up process and reduce the risk of rear-end collision. Also, with the speed
difference between the front and rear vehicles increasing, the risk of vehicle rear-end collision
tends to increase. There is an approximate linear relationship between the ITC and the speed
difference between the front and rear vehicles. The results of the study can be used to evaluate the
safety of truck platoons and provide risk warnings during planning of truck platoons and the operation
process, to prevent the occurrence of rear-end conflict accidents. 3 tabs, 10 figs, 30 refs.
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Wa,()=F,—F,—F,—F,—F% (&
LW RS R R S SRR F MR ENE

HPLE I F IR E R s R AL d 3 015 F
TR P2 B0 2 LT s B iR AT B b B
B HR S FE J 5 B o RR 4 T 7 AR i A7 B RE
VIEAIPIRESPER S F i E TP

N T AR AN IE B I AR S 2 A4
J5 T AR R AT ek . A A ) R R B
A% » 2 52 B A0 [ R A PRI 1) R 0 AR AR TR
BAFG RS

IDM 58 v 3 S50 f B 242 ookl B 4 1) 2 4 4
il 2 4t (B BE A3 30 g 55 400 3 ) B A A R
G584 e, T DS

Wa improves = F — F — FL — F* (9

Wa,(t)=F;—F" a0
2 Qinpronea J9 75 & HABAT BEBE ) R BB Ty A
J T 7 AR AR 35 BEL ) Y hnE

(D% IR S

SR S L ) KN R AR 2, AT Bl 5
G 2SR GE BRI O AE . LRGSR

F,=Wf an

AP f OBIR ST R %

(2) 7% JE I8 B

B R B R e A Ry 0 WY BOE FATRERY 2
NRE. Fi Rk

F¢=Wgsin(®

(12)

: _ N
1sm((9)~tan(0) =100 0 B 7N}

AP MBI (YD) g NE S E,
O BE T Bk A =k
Fr=Wg 110—0 (13)

ZEA T SO T IDM AR Y B 83 A ST 4 fd
() IDM #5781 BLARTE X F

a,. v+ (1) Za[l— (ﬁ)a_

Vo
s" (v A ) \P
(— )} /78 100 (b
v, Av,
s*(v,,,Av,,):s(Hrmax(OvvnTsz «/E) (15)

S s 9 IDM (R0 405 n (0
3.1.3 CACC sk Bk K vk
#:08 Shladover 4 Xt F il £ b 7] £ 51 5 g
(CACC) 5 S CACC 35 1y 56 i S A5G 1 41 48
T 05 AL O L B A A
i 5 W T 2
F.(O=f,+1nF +2,.F, (16)



%5

B F.5 AT ITC 8 83 B3+ F %ISR % 2 HaF ) 101

K F, (O R n 3l CACC < 4 1 B 5t i 38 3%
a2y IDM A SR 5t 45 il 31 55 Hi ok i) CACC |
Fon IR IR s F F, a0 s S E M —1
5 CACC R4 (RIES » 04 W 1l 45) 1 hn 2 i (Jo &
WAEREO 34, A, HAUE R AL
3.2 FEHBARMEEZEM

X CACC ByWEoE i 32 254 P B S5 4
. — S A TR A ) e T R AR T S IR A
o T B2 ok B, AR L R I AT — SN g
kA B R O 1 v A L U R A oA
RGN E; O 50 0 fa B Ve o HOR T8 & A BK
b5 5 A I B AR A T O 170 A8 AR B o A 1Y B
KAEE T A A — S HORN o AR I .
PRt 35 T A A8 3 i WF 5 Y R A Y L i T B
ML T B, CACC HEAI 2 E W, i M
MATLAB R4 RT D452 27 FR 5t A5 784 11 24 BA B 5t 37 5
ST
3.2.1 kFEITR

3k % (leader truck) A9 B2 A5 Ak 5 %2 K 0 B %
W1 A R 50 km/hCRP 13,9 m/s) 28 3k {7 A5 {8 %
FEN O m, fE 0~15 s I, I &y 0, K 4]
T9515~30 s i, RAEHEE M 50 km/h 5% 60
km/h;30~55 s B}, ZE 5] W AT 0 ;55 ~85 s B, 5
FEM 60 km/h BEANE 70 km/h;85~115 s I, £ 4
A1 ;115 ~145 s BF, K4 d 70 km/h 8 % & 60
km/h;145~170 s B, R ZE5) #7805 170~ 185 s,
M 60 km/h % 50 km/h;185~200 s B, £ %
SITRATHE . A BB B K AT 200 s,
3.2.2 AR E ML

AR SC R B AS T VR G B B X BR Ot e 4 R 1
M, Ay T A AR e S AE X 3 i[RI 2R AR
f9 /NGt BN o 4 A P I 2 e BRI DA K 31 R AR IR A i
H 123, K% 1Rk %,

««n)) (((ru)) ((«n))

H2 REHIRE

Fig. 2 Schematic of truck platoon

3.2.3 RAEBEMABEA A KRR

HISCHE T 8 5 5 Y CACC 8, R 47 4k
RS ADL Y DG BR 2 B R 2400, BRI K B S 4L
WE 2% A 1 Sk AR S B0k IR IR 1.
3.2.4 HHAFRILT L

BT 4 21 00 W) b I 2 & 2R 22 [) Y R Dy
15 m, B K BE N 10 m, R B HL R 2 B4

# 1 IDM #1 CACC R S #E
Tab.1 IDM and CACC model parameter values

24 E2iLlEN Sk VB 3k
Al 0.3 k[ 24]
A1 0.3 SCHRL25 ]
T/s 1 SCHk[26]
a/(m e+ s~2) 0.7 CHk[27]
b/(m«s72) 2 SCHK[27]
vy /(km « h™1) 85 SCHK[27]
so/m 2 SCHK[27]
) 4 SCHK[27]
g/(m s ?) 9.8

Hln 2 fpras., WE 3~E 6 fra, 7% 4 B\ B 5t
RETEARTF B T FM T IEAARE . 4 Fh A
PR b R 250K 4 A R b T 0 b T A BELK SR IR R
U B BAR DL . ML 3~ (&1 6 11 R Bth B 25 A5 fk
X EE, BR LR 22 3 FIR 4 2 IR (R % 3-2) FF
BRI R R A R B R] A, CACC AR R 71
3 MRS AR G 2 0y Rt B B MO R P . X
R L ARBLT CACC % BA B 3t 55 W& (1 1l [+
K-
K2 FEHERINRMBIREHTS

Tab. 2 Control variables for truck platoons

following operating conditions

THFS | BRIOECR | RS 0 | RSB RE S| P
1 IDM + 0 0.01 P
2 CACC 0 0.01 H
3 IDM -+ 0 Wi 18 25 43 7 &
4 CACC 0 IR IE 25 43 A1 H

A BEAE M A BRI A R S S IR N(0.01,0.001) 8 iE &

o AgLes ol
3.3 HmANRMEREHESTEITFER

20 BN 22 403 A7 AR R AR B e AN S 2
PR TTC J ITC #3158 0 5 A 3% 2 L %08 % 4R A
Wi o0.1s, TTC J ITC Rl [a] iy 2246 an i 7~ &1
10 fi7s . £ 3 R ITC Z 2 EF BIHEN . A 3~
K 10 Al i3 an 45 .

(DITC 5 hr 4 TTC HUH A2 AL [ /N | i 22
PEF .

(DOTEHAE B IX 200 s A, Fi BA o 119 R 5
F——RE 2 R4 3 1EHT 100 s N ER IR S H A
LA ALAERT 20 s A7 AE AL KUK 5 T JS 100 s Y B3t
LR ML 2 Bias K2y 20 s MfE I 0, AR
PSR ) R 4 B 78 Al R A 4 X 2 B G ) 1 B
PR BHIIRS T REIEAZ . Il ITC 545
PR 22 4 B 4 B BB L S W R O XU I ) R



102 ¥ERXFFROGAAFR 2019 4

~ 25
' T
é ‘E 20
= 15
# . . E
1% 50 100 150 200 105 30 100 150 200
MR B [al/s
(a) -1 ) (a) - )
o 09 —F %1 o 05 |
< S — Eiz » [ €70
g 72N ~ N - 3 288 N -———
& 0 X 2 N\ 17 § Ops= 4 - TR | X Zd \ _'EE/B
N
% iﬂﬁ
R—0.5 L L - ' B _ L 1 . )
0 50 100 150 200 0.5
Wf/s 0 50 100 150 200
(b) 38 BE-I 7]
. ) 30
= N g
b w20
: —— -
L F%3-2 & 10
= B
0 50 100 150 200 y 10 13 20
i A/ ‘ 0 50 (;IO/S 50 00
(c) JR % I BS-inf [ (c) EEEEE% i [
K3 IDM+ SRR T BRI AR S AL L (S =0. 01D Pl 5 TDM -+ R B 4500 2 il T BB 4R A5 2% A
Fig.3 Truck-following state changes under control of CF MRMIE 254547  BEHLAS £6)
IDM+ car-following model (f=0.01) Fig.5 Truck-following state changes under control of
25 IDM+ car-following model ( f obeys a normal

distribution and changes randomly)

13
(=]

B /(m e sTh)

100 5IO l(I)O lSIO 2(I)0 ';
i [5)/s =
(a) 8 -1 A "
o 0.5 — k%1 b= ) ) \ I
S £ %2 10O 50 100 150 200
g ----F%3 W Es
’E O e . % (a) -1 H
o : o 05p — k%1
R 05 : : ] S E%
-0 50 100 150 200 g KN = s T
W f/s R S . D S N
(b) 03 -1 [ 5 :
30 5 ) ) ) ,
g 05 50 100 150 200
P 20 It [8)/s
= (b) Jonk BE- ]
@10 30p
B ‘ g
0 50 Hjt100 150 200 {iﬁ 200 -
i [1)/s
" 2o 21
(C) Eﬁiﬁﬁﬁg-ﬁlﬁj g 10 [, {_14;3_2
Bl 4 CACC BRBBHER £ i) F B ARG Ak /=0, 01) 0 50 100 150 200
Fig. 4 Truck-following state changes under control of (©) EE%;E/% a]
CACC car-following model (f=0.01)
. 6 CACC BR 5L AL R ) B o R 2578 1k
) “ACC A R £ D 4 A FHRE O BAESA HHLIEA)
(3)CACC 1:% =+ EI/J 2 7k ITC EH:‘] /j%‘ i H *‘:E E E Fig. 6 Truck-following state changes under control of
H'fﬁ;ﬁl‘:{ E]/‘J J—L [}‘4\ {E H ﬁ T— g ALI\ [lI& {E IIR 'fEE E"J ‘hjﬁa . CACC car-following model ( f obeys a normal
Uﬁ;% H;z CACC ﬁ]‘ H Tk %IJ % H]% ﬁ Ej] T :,I:/iE =] "E i éﬁ distribution and changes randomly)
BA P B b 22 4= 1 RS Bl TTC A /Y 34 K3 K. B BLLITC 5 3

DR FEG B B A BRI SA5T (/D 1 ZHAHAR AT 22 A9 2810 5 3 W 26 BN B Bt XU, B 5 i ) 4
JEAORITC SR Z WK AR, & ITC 8 MR K., 1TC 5§ 5 48 B 22 sk )
B B RURSF G )L DL 3% 3, 24 TTC RTF 0 I flffiE ZiPESC A&



%54 M F.5 . ATITC W ashEokF £ 5 AR 2 4 H 30N 103
3 15
P —F %21 210 |
2 ~——- %32 ! = 21 |
01 i O s ---- %32 |
= | | = |
- L ! b - I
0 50 100 150 7200 0 50 100 150 200
B 8]/ B |)/s
(a) TTC-H [A] (a) TTC-H [a]
~ 0.027 £ %E2-1 ) ~ 0.027 — k%21
s ---- k%32 ol g ----F%32
= \ S
o o
Q Q
E g
100 200 5002, 50 100 150 200
it 8] /s i 8]/
(b) ITC-F fdl (b) ITC-F jil

o
o
@]
=]
0 0.4
HEE/(m s
(c) ITC-# £ %
B 7 IDMA+ BREBEEI R i TTCITC {26 (f=0. 0D
Fig.7 TTC, ITC value changes under control of
IDM+ car-following model ( f=0.01)
10
E
@ 5 — %21 ;
S k%32 :
= |
(. . ! )
0 50 100 150 200
I 18/
(a) TTC-Hf [
T,_\ 0.02r 7_’5 -4—:-2_1 Z
” ————k%32
< 0
o
&)
= =
_0'020 50 100 150 200
i [A)/s
(b) ITC-I ]
. 0.02r w
T — F%2-1
. R
= or
o
O
=
_0.02 = 1 1 1 J
—0.4 =0.2 0 0.2 0.4
HEE/(mes™)
(c) ITC-J# f %
E 8 CACC MR gy TTC.ITC AL (f=0.01)
Fig. 8 TTC, ITC value changes under control of
CACC car-following model (f=0.01)
F3 ITC REMH RN
Tab.3 ITC security discrimination guidelines
ITC{H G VETE
AKTFO TG il 5 IR
KFO Al A RURS: o EL XU Bl TTC g i 34 T 15 K
=
4 & iE

(DITC AR —A B i) P F8 45 9540 T

ITCHE/(1 +s7")

—1

)

ITC{E/(1

0 0.4
HEE/(m s
(c) ITC-# £ %
P9 IDMA+BREBELR R ) TTC.ITC AL
Cf MR IEZS 4371, LA 46D
Fig.9 TTC, ITC value changes under control of
IDM~+ car-following model ( f obeys a normal
distribution and changes randomly)
10r
5
3 st — k%21
= e
[
= |
0 50 100 50 200
i [8)/s
(a) TTC-Hf[a]
e I /

---- k%32

0
_ = ! i L )
0-02g 50 100 150 200
i [/
(b) ITC-I ]

ITCHEH/(1 =s7")

0
HEE/(m s
(c) ITC-# & =

Bl 10 CACC iRIEEERI R iy TTC.ITC fHAZ b
Cf RAIEZS G0 A BEHLAZ 4D
Fig. 10 TTC, ITC value changes under control of
CACC car-following model ( f obeys a normal

distribution and changes randomly)

TTC 76 W5 % 7 3 W 615 4278 1 Bk B . TTC 45 7
[ 7 4 P 5 LU 65 26 7 6B T R T 1 3
AR 2 SR R

(2)CACC Mg P25 1 4 4 BA BR 3t i 2 19 A



104 ¥ERXFFROGAAFR

2019 4

ENE HAE— @ R AR TIB R .

(3) 2 BAASE UL 350 6 &5 2R 22 W, JC 18 BR i A5 78
IDM -+t J& CACC, Fii 3 9 BA H i e 47 9 3 5 22 4
T AR B IR A B 2 0 O

WO REGNRIEZ 2R - ZHES 5 HM
BRI S 25T o AN SO0 4 20 BA R 9t XU 1)
PEM T7 AT IR AT AL SRy BRAE » A0 8 A5 %) A [) % 42 26 1F
T TTC {EBEAT 8 E 0 AL B30 XU 19 TTC B
MR, T — 8 T R S 4 R gt U
SEAE S RLAYA B4 A S B E Y T B 2 BA B 0t 4 4
PEPEAN F5 AR AT IR AW ST M 58 3

S & k-

References:

[1] ALAM A,GATTAMI A,JOHANSSON K H,et al.
Guaranteeing safety for heavy duty vehicle platoo-
ning: Safe set computations and experimental evalua-
tions [ J ]. Control Engineering Practice, 2014, 24,
33-41.

R R 7 B IR b Y AR A e A ST 5 SE DL
Jemt At Dok R4, 2015,

DONG Long-fei. Design and implementation of smart

[2]

car formation in vehicle road coordination[ D]. Bei-

jing: Beijing University of Technology,2015.
[3] LIUX,MA K,KUMAR P R. Towards provably safe
mixed transportation systems with human-driven and
automated vehicles [ C]//IEEE. Proceedings of the
54th IEEE Conference on Decision and Control. New-
York:IEEE,2015:4688-4694.
VI, o, R S R T RANE 2SN E
BB B R 5E L) . A B 22 R, 2010, 27 (10)
95-100.
XU Lun-hui, LUO Qiang, WU Jian-wei, et al. Re-
search on vehicle following model based on minimum
safety distance[ ] ]. Journal of Highway and Transpor-
tation Research and Development, 2010, 27 (10) .
95-100.
BN I SN e S R TR A ST E-A
WP G LMW AL ] Wiz A TR S 6
H.,2016,16(4):101-108.
QIU Xiao-ping, MA Li-na,ZHOU Xiao-xia,et al. Re-
search on manual-automatic driving mixed traffic flow
based on safety distance[ ] ]. Journal of Transporta-
tion Systems Engineering and Information, 2016, 16
(4):101-108.
[ 6 ] REICH J. Systematic engineering of safe open adap-

tive systems shown for truck platooning[ D]. Kaisers-

[7]

[8]

L9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

lautern: Technische University Kaiserslautern,2016.
LA, TR E. 2T RBF #4450 3 4 1 B s
AR E)]. B T .2010,26(5) :60-62.
JIANG Neng-hui, YU Jian-guo. Study on rear-end
avoidance model of highway based on RBF neural net-
work[J]. Forest Engineering,2010,26(5) :60-62.

EW L B A0, SR IE L. BT GA-SVM R 18 B
T 7 R LT ] R EBOR ,2012(11) £ 24-26.

HU Man-jiang, GE Ru-hai, SU Qing-zu. Research on
GA-SVM-based rear-end collision prediction approach
[]]. Automobile Technology,2012(11) ;24-26.

Rl 30T 3, 9 22 05, O7 <7 BB 20 KGR R L B R gy
i Be RS PFA LT 1. T8 5 K222 4R - B AR BE A= i, 2011,
39(8):1150-1154.

LU Si-wen,ZHANG Lan-fang, FANG Shou-en. Prob-
ability analysis and risk assessment of highway rear-
end mechanism[ J]. Journal of Tongji University: Nat-
ural Science,2011,39(8):1150-1154.

MENG Q,QU X. Estimation of rear-end vehicle crash
frequencies in urban road tunnels[ J]. Accident Analy-
sis & Prevention,2012,48.254-263.

KOG M AR EERBRENBELD] K.
K H T R, 2012

ZHANG Ji-guang. Research on the risk of rear-end
collision of expressway cars[ D]. Changsha: Changsha
University of Science and Technology.2012.
KHASTHIR S, BIRRELL S, DHADYALLA G, et al.
Towards increased reliability by objectification of hazard
analysis and risk assessment (HARA) of automated au-
tomotive systems[J]. Safety Science,2017,99:166-177.
LI Z, AHN S,CHUNG K, et al. Surrogate safety meas-
ure for evaluating rear-end collision risk related to kine-
matic waves near freeway recurrent bottlenecks[ J]. Acci-
dent Analysis & Prevention,2014,64;52-61.

LI Z,L1 Y,LIU P, et al. Development of a variable
speed limit strategy to reduce secondary collision
risks during inclement weathers[J]. Accident Analy-
sis & Prevention,2014,72,134-145.

XU C, TARKO A P, WANG W, et al. Predicting
crash likelihood and severity on freeways with real-
time loop detector data[ J]. Accident Analysis & Pre-
vention,2013,57:30-39.

Ri g, SRSCIR A I TR SFL BT A N ) 3R R R
By L) ). sl {5 25 % 42, 2014,32(5) - 58-64.

LU Jian, ZHANG Wen-jun, YANG Hai-fei, et al.
Risk analysis of rear-end attack based on collision
time[ J ]. Journal of Traffic Information and Safety,

2014,32(5):58-64.



S

%5

7 i

F.F AT ITC 8 A 25 3k F F % AR IL % & MR 105

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

A ks TR B e L A i T X 4 A BR B
BRI ] K2 K2R 8RB R, 2017,
37(2).81-88.

LI Yun, ZHANG Sheng-rui, RU Mian-bo. Risk of
car-following conflicts in expressway construction ar-
eas[ J]. Journal of Chang’an University: Natural Sci-
ence Edition,2017,37(2) .81-88.

BALAS V E,BALAS M M. Driver assisting by in-
verse time to collision [ C]//IEEE. Proceedings of
World Automation Congress. NewYork: IEEE, 2006
1-6.

TREIBER M, HENNECKE A, HELBING D. Con-
gested traffic states in empirical observations and mi-
croscopic simulations[ J]. Physical Review E,2000,62
(2) :1-45.

NISHINARI K. Traffic flow dynamics: Data, models
and simulation [ J ]. Physics Today, 2014, 67 (3):
54-54.

SHLADOVER S E,NOWAKOWSKI C,LU X Y,et al.
Cooperative adaptive cruise control; Definitions and oper-
ating concepts[ J ]. Transportation Research Record, 2015
(2489) :145-152.

MILANES V,SHLADOVER S E. Modeling coopera-
tive and autonomous adaptive cruise control dynamic
responses using experimental datal J ]. Transportation
Research Part C,2014,48:285-300.

MILANES V,SHLADOVER S E, SPRING J, et al.
Cooperative adaptive cruise control in real traffic situ-
actions[ J ]. IEEE Transactions on Intelligent Trans-
portation Systems,2013,15(1):296-305.

CHEN X, LI R, XIE W, et al. Stabilization of traffic

[25]

[26]

[27]

(28]

[29]

[30]

flow based on multi-anticipative intelligent driver
model[ C]//IEEE. Proceedings of the 12th Interna-
tional IEEE Conference on Intelligent Transportation
Systems. New York:IEEE.2009.1-6.

LI Z,L.1 W,XU S, et al. Stability analysis of an ex-
tended intelligent driver model and its simulations un-
der open boundary condition[ J]. Physica A Statistical
Mechanics and Its Applications,2015,419:526-536.
ALAM A. Fuel-efficient heavy-duty vehicle platoo-
ning[ D]. Stockholm: KTH Royal Institute of Tech-
nology.2014.

KESTING A, TREIBER M, SCHONHOF M, et al.
Adaptive cruise control design for active congestion
avoidance[ J]. Transportation Research Part C,2008,
16(6) :668-683.

SRS PG RR I 28 F RO A AR T OG B R T Y
(D1 7% K&K, 2009.

CAI Tuan-jie. Research on key technologies of auto-
mobile fuel economy non-disintegration detection[ D].
Xi'an:Chang’an University,2009.

AN I B S I << I N -3 N L B2 S S e
5 A I g il A 2R e R O CRUR O [T,
[E 75 i 2F 4] . 2018,31(4) : 222-230.

LIU Kai, JIA Jie, LIU Chao, et al. Warning effective-
ness of vehicle—to—infrastructure cooperative cross-
ing collision prevention system at non-signal con-
trolled intersection (in English) [J]. China Journal of
Highway and Transport,2018,31(4):222-230.
CHEN F.CHEN 8. Reliability-based assessment of
vehicle safety in adverse driving conditions[ J]. Trans-

portation Research Part C,2011,19(1):156-168.



