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Abstract

With the development of intelligent connected technologies, autonomous vehicles are increasingly
prevalent; however, the traffic flow is expected to remain in a mixed state of intelligent connected
vehicles and manually driven vehicles for the foreseeable future. To investigate the impact of vary-
ing penetration rates of connected vehicles and the proportion of heavy trucks on traffic rear-end
collision safety risk levels (Time-to-Collision, TTC), this study employs Python to conduct numerical
simulation experiments. The Intelligent Driver Model (IDM) and Cooperative Adaptive Cruise Con-
trol (CACC) model are introduced to represent the following behaviors of manually driven and au-
tonomous vehicles, respectively. The study considers the degradation of CACC to an Adaptive Cruise
Control (ACC) following mode, quantifying the parameter differences between cars and heavy
trucks, as well as between manually driven and autonomous vehicles, which include reaction delays,
safety gaps, and maximum acceleration and deceleration rates. Different following models between
vehicles are established accordingly. The results indicate that when the penetration rate of con-
nected vehicles exceeds 10%, both an increase in the penetration rate of connected vehicles and a
decrease in the proportion of heavy trucks lead to a continuous reduction in the Time-to-Collision
(TTC), thereby improving safety levels. This finding suggests that the inherent characteristics of
heavy trucks, due to their loaded nature, increase the hazard factor, while the introduction of con-
nected vehicles enhances safety levels by increasing vehicle reaction speeds. Furthermore, as the
proportion of heavy trucks rises, the slope of the TTC variation due to an increase in connected ve-
hicle penetration rate diminishes, indicating that the improvements brought about by connected
technologies are more significant for passenger cars than for heavy trucks. This research assesses
collision risk indicators under varying penetration rates of intelligent connected vehicles and pro-
portions of heavy trucks based on the experimental results. The incorporation of connected vehi-
cles can improve the overall safety level within a corridor by up to 53%.
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BE (5 BER AR 2T st b, B REMIEE H 512 3 4249 (Connected and Autonomous Vehicles,
CAV) TN B oA £ i, ELOCH R T2l 22 A Ve = A T AR R I . BUATIT &, CAV Jl i 449 a] fry e
5 515 B3, 6ef® 3 3T 2900 EE B8 JF R AT Bl e, R PRos . AR I RN AT I L, DURIIR
PSR OB o X SERR AN IG 0 T AR AT B (AR e VEANR T, 0 B Tk A8 S R AR [1]

H AT CAV ()R o AR 75 3= B4 5 [ & M & i 42 1] (Adaptive Cruise Control, ACC)AIHH A [ i M & fifp 1
fill(Cooperative Adaptive Cruise Control, CACC) 5. CACC Fl ACC HIRFHIC, (HIETIRERIHAR LI
EAHERXA: ACC FGE A T/ T ZR40 b A% & & (U B I BUISO6) K W a7 st ol IF B 3hin
HEEE . CACC 7E ACC RATHIHEAL b, W98 7 FEMRIKE SR8 . MBS 2 8 (V2V) 81
HFR, CACC RGREWS SR A2 e B A5 B AN DI S B 55 . X 1159% R 40 T DATE B8 & 26 1 20 i
BT A RO AT AR PR, AT DATE KB ) (R BEAT 3. CACC AL 58 T 4% 45 11 3& Mk i 45 i1l ACC
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B RE SR 245 200 SR BR P, SEIIL T B8 In s 8ORN & e I AR ER B A% 1 [2] . R ZEgm A2 45 B —# ACC
LR AL T4 CACC REMRMEBFIEH M. XFhgn R AR T sl A 2. Ml
EPES Atk YRR FE S5 Y HEBO TH B R 8 (3] KRG R X SR A AL B A
BRI RA, IS L T KA e R R .

IAESR, B R R IR R, T4 I IE 2R A0 O (1 VR 6 2 JE IAL 1 22 4 P P L DA ok ek
2 RRE[4]. $Ern CAV BiEREIE R CACC i IS ALK 2 B Ol BE 5.2 B8 N & ¥ A8 AT 2 4tk .
Lee S5[S]id X ACC AR Setlit, 256 2 KN BV, 60FE T ACC FREHTE NN A8 18 2 4 Fa
ST 80 s 2R ER AR [6] 5 A 5 3N RIS B AR (W R 240 5 A Ge N R4k i) S A4 TR A 2 Il i it
ITTRGEMERR T, 36T V2V B R TE SR K72 15 2R I A 2 2 38 OO 2SIl I 22 Ak s 03T A6 [ 7] 8
IR ZRA 7T T ACC ZEARLE i [ MUY PR 37 e (A8 I8 2 AR, I ACC ZREF IR A8 18 22 A Tl i )
[E] B AR T M40, 22/ 855t ACC ZERALLER T AN F IS IE 2 R I R ARl R, A 4=
EL ik B — e FEBE I A e PR T B g % 4. EMIH] CAV BB R4 F, KA CACC 0[] CAV L
BB THEAT %A OB Jiang S5 N [91%F T ib R] E 3& B8 4 1) (4R 42 BA ST A5 A8 3@ R 1 T 92
SHME T FIIE, RITEHARZAAEFEAVIE DL T, TG SRR R 70 5l BE A V208 26 AR 22 9 A K B2 1)
gk o TRA I I 2 A KPR A S ZE g B I B s, (R S S A A i A P I T R A
Li &5 A 101X B[R] 2 B 5 S8 AT 428 AR 2R 1) 22 42 BUSLREAT 1 0BT, AR B CACC RGN PR AIK i 18 2 %
18 R A RS LA B2 E A Talebpour 25 A[11]41 5%t H1 CACC ZE4H. ACC ZRi AN T2 B 2R A i) F 1) VR
HRCEPL, ViESNT 3 FIRBLERAE G LR A A B kR e YRR, BFFE R CACC FIImA AT LA
BERIAIE 2 4; Van Nunen 55 A\ [12] 067 R E72E 2 100% 1 254 A 22 A PR A S0 IE 7 H %2
SVEREE CAV I &2 2T Ramezani 5 A[13]75 18 19 M N LB R4 AR 4245 BA AR 5 22 TE I
24, (HIF R EMBCUNIEMAN T B R4, thoh, HSCEAFR TG 2 505 BXE B A
R E S AR, UEI T TS R AR S A RN, BRI E ER, Xt
FIRA SRR E M S 2 A B A B BB R s B AE[L5]10 A T N T2 s A AR e Y
I ZE AP R 1) S O A R AR 1 5 e e, BEFUR I CAV A B T &8 i8 2 4 Li S5 A[16]FH TET
MTIT W58 7 ACC Al CACC ZAMIEA[E CAV 2153 T X Ja dhlfAa XU (52, BEAULa5 R, B
CACC HAMBIEZR ML R, A b CAV Z[A] ) 5 v i KU PT DAR 35 A o i8R 5T 390E B T it 5]
WIS CAV Zr bR ECE R & FRIBITRENE S Zarg ), (B0 TEH fig il iR A& 20
Wi 2 VeI S D

BRCHRZM RS CAV FIZSETIRA CAV ZiB\t AT 1) 258, JiE | CAV X 1221l %4l
Farg B EEE X, {H T 3% E < (Connected and Autonomous Trucks, CAT)ZE P 1 /9 475 4 (Con-
nected and Autonomous Vehicles, CAV), A T.% 3+ 7= (Human-Driven Trucks, HDT)-5 A\ T2 375 %= (Human-
Driven Vehicles, HDV) VU 2= 7Y ({78 & 38 B A5 T AT AT A S A FR o« IR, ASHIF 7T & AE 3R THZ TR & A2 i
WAE SRR CAT (EAN R W BEIE 0 A8 18 22 A RF s, E M3 A B IS T BE A0 @ 2 AR /)« AN AU
AT R IBCR G AL A B R R AR A SR A A A, OB R R A
H AR AL TR o

2. ZiBRER
2.1. BAXIERMAAR

AT FUA P 5 B 0 FASAUL XA TR SR G5 I A 8 KT Bz i il B S g N T 3R % HDV. AL
2R HDT. MEGAEG CAV MR 4. CAT 2 bARIHN A R IR & Sl K 2 P g . E R AR,
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P 1 PR, AR5 R IR & S AR YA Y A A2, B A T2 <4 (HDV, KEJ<%), AL
BYREHDT, KERZE), MEHESSHIRE(CAV, Wl ERE) MM A3 23~ 4 (CAT, iR %E).

ARG BT AT ) B ARV A S IR, W S B CACC(H A F & R s hl) R4 gmBL, anfE 1 i
CRELAEA s R R, N T2 R AT 25 Bl B 3R AR AT BRBEAT B X T CAT 4wBAIMI =, 9
FILZE SR 2R 3 R AR LA A s, 8 SR 5 i 5 2R AR T AN AT TR, AT SE BN BhER B -
G DA (LA 2R A0, B I B O ) 2R B AR SRS AR TN S A 2 RO AN TR B R, Rl 4 (Va2 v)id
EEORBMOR B I 4 KIS 355, DASBU AT 42 X AT 400 B shEREE . anl&l 1 s, X HLA-R 224 BA
H— R AEAT DI RE AU A TR R B R RO E AT ACC IRZE, BERM
CACC RZE[EZH), XEWRA WM ICIE ST FNEE, HICRATT B W2 2 m, S EUisRar
LR Heia 3 22 B () o pnask P2 v BN B2 4 % s FLAH AR ERBEE - MELZ R, RSB A IRIE RE#
A] LU CACC BiAR S HIAR A HEATIRE . — DR A4 IR i ANES 10 R 4R [17], TRk
P R B RO MR 4R A B LI R, S PAE K ATIA 100 oK, BEASRAEGBAE & 1 51 ACC ST 4= A
T4 CACC K%,

CACCFHEHRY
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Figure 1. Scene of mixed traffic flow composition
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2.2. MEXZFEHRAIRMBIER

AHIE T B ZE A58 32 398 [ CACC Fll ACC £4i. CACC 1] LLTERA 42 (A5 IR B2 [ 5 1 R iz AT it
ARG, DITERRE 0 T (Wil {5 i a2 2 BRI 2R 5E), CACC 1] B 2B B 2284 T BA & ACC (1) TAE
B AEIXFMENL T, CACC HKIRRER] FH 2240 ) B IR AR I R 4 3522 A BE B A FE . fj ki, CACC 1E
hie LT ACC, (HIERREIENL T ReHE L ACC 17 sk 41217 . ACC v 12 i — 50 E shi= i,
1M CACC I3 3t Wik 7] 22 A 240 2 T 10 3688 45 >R S 300 B g 205 P A T8 A B o AR SIZI (1) 8% e X IR R 4 46 CAT A
CAV, I CAT fff CACC F%4 1 ACC K%, CAV ©Hi CACCEEM ACC KA. T RESKEY
YR ZES, A2 s S 5ma Fr A 18]

2.2.1. ACC Ruth =R

ACC H] LAY (1) 7R, afC () /& ACC 4 n ZER A t (¥ i 5 .

s (t) =k, [ Ax, (1) =1-s, —t,v, () ]+ k,Av, (t) (1)

Forbk, # k, ARAUEHIZEL. Av, (1) =V, (t)-v,, (t) FETEEN-15 ACC EREEZEH n 75 t I 2 1 B 2 {H .
ea(t) =A%, () =1 -5, —t,v, (t) 73 ACC Z-45 n ££ t I 21| i) S B R Bt R 25 55 31 2 R R A8 M) FA B 2 i 22

€, (1) ELEFEIA B BE A R s B2 T A5 ERBE A A S AR 12w 22 R AT TR, DA K sl 5 T4
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FOBEBS, MTTTSEOUT R MBRAAT . WA, e, , (t) ooufi. 5t 0B 2 Bk LU B 5, R 2
AT DA . JE v, () S 24AT ACC 44 n 7EIT 11t FURERE.  Ax, (1)1 —s, S SCPRERBEIRAS B 85
Horht Ax, (t) = %, 1 (t)— x, (t) 5 ACC BBAZEAn 5% n—L (A2 Bk 20) 2 I7E ¢ mE %I 6. 1, A9 ACC
S8 2 0 T 47 (RO ) 5 4 O T, 220 TP 2605 S 4 i 5
EMEER, Wik PR CIOERE . | BRI n—LAOKEE, s, AR DR T RN %
LH,

2.2.2. CACC fRupis!
CACC f[ LLFABAL(2) R, a7 (t) /& CACC 4:4% n LI 7] ¢ (19 Inisk .

as" e (t) =k, [ Ax, (t) =1 =5, —tv, (1) ]+ k,Av, (t) + k,a,, (t) 2)

n a - n-1

Hdrk, kg Fk, ARAEHIZHL e (t)=Ax, (t)-1-s, —t,v, (t) 3 CACC %4 n 7L t I %1 i1 52 FrER Bl
Hm%ﬁﬂ%ﬂﬁlﬂiﬁﬂjﬁ?&‘zrﬂE‘JEE%W%%Q t. 8 CACC B Bl ZE 500Xt iy 2547 9 (Ui sl ) (i S B2 BT 7 )
o a,, (t) AHTA: N1 IR, PROBIZIRRE 5 RE V2V JifE, DURT DI CACC R4 n-10
M a, (1) MHINEE . Av, (1), v, (1), Ax,(t), | F s, G5BT pTsE Lo

23 ATERERRMRE

BIHE 2 I U (Intelligent Driver Model, IDM) & — #1540\ 125 350 2250532 2h 47 A A B AR A,
BB AR T O3 (1 P S R SR TN AR I I IS e . IDM BB R T SRR R, AR Y
RS S0 ZE AR T8 R DL R R IR (R IRI BE, 5 R SEIPI (0 ZE AR B AT s, [ B o Sl AN o0 22
A NIR BRI . IDM Y (1) — AN OCERRE R B R ARYE A IR A2 4k G SR B 44T, ATt Ab
TERAT IR 4. IR AN N, IDM BALYE 2 B TRERUE S S BT N, A
W95 CACC RSt 5145072 B 24 LAT I (VR A 20l 22 A Ry F 41 7 21 B B SR

IDM AL A5 FF J 2 I3k 2B Aok SR B A 1 BROAR A, BB B) Tk e @™ () Ron 4240 n TE I ] ¢
INSE R, BEAL(T) I s™ FRom ZE 40 B 75 (B TR TR B

AT I
ST (V,, AV) =5, +V, ()T +% (4)

o, a il 43 R B BRI BE AN EFE HGEEE o v, (t) 250 n EI (8] t ROBRINGERE . v, EE%EEE
TANACIB AT NI ISHLE s, ()= x4 (1) =%, (1) =1 BAZE n MEL ST n -1 5 RGATZ B EEES,
FERTAE n—1HHCEZ . TTRR(10) 0 s N RS T RN A, T N4 RIEE, Av(t)=v, (t)-v, (t)
ST n -1 5 A% n 75 t B 2T B 22
3. REeEM oA

BT HUE AT B S IRVEN A8 8 2 A AP EE SR VPN T b L BE 0% PR L2 S R BRGSO T VP AS ] IR R
TEBIFE R G A IBIMAS W 2 A IR, A 9T R 2038 A4 22 42 XU 7K~ (TTC, Time to Collision)
VERVEMABAR o« 7EHEAT KU VP B 22 A8 B A, 3885 SR — e B AR 7 R B AR PR AU R = 2 4
BIEARZ AHE A (SSM) o TEHE T AR HE BRI B T, UEB T BAR e A48 it (SSM) ) &=L Fa s TTC
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ARITF VAl B th TR & AR N e . HATEE 0 KTRTE n-10F, By, (t)>v,, (1), HERix
EANTZ IR ZE R ANAL D 4 A IEARE T 5 (RIS 18] 5 ORI N (8] (TTC) o flEAE N 6] TTC /25238
ZAN BRI, RN TR RS [L7], R ARG R,

TTC =X, (1) =X, (1) = 1/v, (t) =V, (1), 9V, (1) > v, (t) (5)

Ferry, () My, (t) 2351 F7RIZ0 I 5077 n—VA0A0 S 77 n— LA AR AR08 B o T x,, (£) 1 x, (t) 20l
Fon LR DU AL AL () ¢ PR ALE . | RATE n-L R, AR, BE A K (B) N
Vo (t) =V, (t) TERE, NIRRT, TTC 2R EIAFUER . Kk, Minderhoud S8 A[19]42H 1 MM
T TTC BB EACIE R, RINS (A8 TTC (TET)MI AR TTC (TIT), JESIANBI{E TTC KX 7 %41
AGARES, AT TIT SR BAL IR bR . TIT 54 () rr.

TIT(t)=>", >0 [TTC"=TTC(t)]At, 0<TTC(t) < TTC’ (6)

TITEXATIC 5 TTCZ ZHA 4. HEAR, TIT RRMETBE TTCH, AR TTC F%4
AP TIT IR~ BEET TTC IR EE I, KPR EA@ERKZeMERFIK. 5 TTC ML,
TIT SN EE 17 B 5 A0 60 72 ek 2% AP 4R A TR AH DG PR XU, B S R ol 4 XU () P e, TIT Fa B
/N, 3B R A A AT 2 A K

4. FREZWEMTS 9
4.1. (ARSI

ARSI BT g MR R TS @ E A LA, DR USROS I TE Y — AN B AR R L B
BEAT _F IR S (0 22 4 23 M, RS ACC, CACC A1 IDM 2495 Bt A Y 96 4T B8 07 LS 96 5 B0
FER: B2 BN AR 2 AR S N [F) R Ot A 7R B R A (e ¥ 1 B, R B R S B Re s s s B
RAEREAERGE R, S EDVIRA, FHCRAE. HE. IEEMEMIRESEE, R THHEEW
SERASIE TR E(TIT), KRR LB Il RS S 5 NS e i A2

wE 2 R, EFESERH, BBUEAK 6 km, SCIGEHICREEEN 2 km £ 4 km. Jy 7RI SE
AT R GRS AR S UL[20], ASSZIG W E S 1 AT IS 3 km ARRE 2 R4 RGR AT A, HiAh
PR 2 At 2 A TS I R AT . S IR 100 G R ERATRAL, KGR 3 F 10 4
RHEMAM, KPR 15 ACC sk RN T4 CACC IR K4, KRBy NS EHEE NEE R
TEOL(CRAEBIER 100%). 90 Fi-RZEH 10 R E(R B ER 90%). 70 F-RZEHM 30 WA E(REBER
70%). 50 i ZE AN 50 R (R ZEBIE R 50%), 30 WK 70 KA (R TBIE R 30%) 4L 5 Fi 5.
Ho N L2530 245 A1 CACC 24 1A AH Yo Hi i LA B AR X 4% 18] 434 B CACC 4535 R BENLEf 2, LA 10%H
[IFGILHEL CACC FAfiB AR . LU HIS Ay 600 s, 1 EPK A 0.1s,

= = it
i, Wy My — =
Okm 2km 3km 4km 6km

Figure 2. Schematic diagram of the experimental simulation section
E 2. selRgRREE
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AT IRE AL 2 8 T R ) N SR B 22 55(HDC Al HDT)%DWWH%ZE%(CAWHCAT)O
PSR EBRERKE NS m, REKERN 12 m. REMELERRAHEE A 22.2 m/s (80 km/h),
DN 3 mis?, O KIRGH FE -3 m/s?. SEie v CACC AR (2) AT 5, A T2 %$%m%m
R (3) AT AR

Ramezani 55 A[13]7E PATH SEI0 = AHE T INBGRZER R g CAT IR 4. Shladover
LENRLIES MRS T CAT AR K EEER#ZR, Hf CACC il s 1 fr
o, NIRRT e S 5 % 2 Fiow.

Table 1. Physical model parameters of CACC trucks in truck platooning
= 1. CACC EimmIRR B & %

24 CACC 5% CACC £%
ke (572 0.45 0.0038
ka (s°%) 0.25 0.065
Ka 0.5 0.5
I (m) 5.0 12.0
So (M) 2.0 3.0
tc (5) 0.6 1.2

Table 2. Physical model parameters of HDC and HDT
%% 2. HDC #1 HDT H49IBfR AL &4

e AN TR (HDV) AN TEHR%(HDT)
a (m/s?) 1.25 0.4
b (m/s?) -2.09 -1.77

T (s) 15 25
v (m/s) 333 22.2

so (M) 2.0 3.0

I (m) 5.0 12.0

TEIRA MBI 52 W) o A BB BENLYE, XFT CACC il s, HIHATZE 4 CACC £, %
?ﬁ?@lﬁmﬁu;, CACC ZEARml R BRI AT RS, BN TE/ER . SRMI7E CACC A4 R b
BIEATIEIE T, AN LSRR ek = AR 405 WA 1 i A J8 {43 CACC ez N T
Eiﬁmﬁﬁi%* UEiS, CACC RGN 3l R LILERA XN, W RAETRGRN,
AR ACC 4, Wil 3 for. fEEIY, DIRZEBRMIMG RG], H CACC RFIBI A ACC RERIZEMH
YERHEEIEE RS, HRERILEN CACC EMiAF R ATIRIBILS . XH ACC EMifRynH
)BT, HA, ACC EiYIAI S5 5% 3 iR,
1E% CACC ARBIERT, HHEBVIA 5 UOFTHE TIT B2 A& SME, SR BUSEE %
CACC HAWiBIE %R T MACM 24K, 288 T it Pt Re fa b I F T Ik A A0 B AL
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Figure 3. Degradation phenomenon

B 3. RILIMKR

Table 3. Physical model parameters of ACC vehicles
5= 3. ACC FRH4NIEIREISH

ZH ACC iK% ACC K%
ki (s7?) 0.23 0.0561
k2 (s 0.07 0.3393

I (m) 5.0 12.0
So (M) 2.0 3.0

ta (S) 0.6 1.2

4.2. (TR&GRSHH

BT ERTES, B3 7T AREFBIEFR T CACC MELEBERE TIT EAA LR, BIzgiEy
215 CACC REBERMMT AL R . HREBEFRN 0%, Tl 2R ERME 4 Prox. #H1E
4 TTDLE Y, B ERELLEIE N, TIT B2 2 NS, iR uiki®s CACC MERZELLGIE i, @
TE 7 DA B SR RSB 2 A KT B IR T . XK T CACC ZE50AA R T FRAK A I8 2 sl 42 4= KU

AR REBER R E 7 &R A, WE 5 PR, UG R LIRREBIER N
B, TIT SRR EZFER R A, X PI0UE T CACC Z44 R T HE T d i i 20 i 22 4
Ko BEAE MIERGEB BRI, TIT FeFR R A28 HASE, 1B R4 Re g 5 1M TE P (1) 28 @i i)
AT EME. BEE PR LLE 38N, R4 (B RS S I A [R5 1 i 8OR B3 3R T IR b T AS iE i
BRI . AR B ZEAAT R A BT 9 b3S @ B FE RIS AR, AT {849 5 88 S L ) AU B AT

B 5 RARRIREBIER W TIT EEATH A T B LU R, UK FEBER ST 10%H,
BEE R EBIER NS, TIT MER M, M~ E8E NS S8 EE 2 2R, BRE
ZER . UMEEBIERIE 10% 0L N, ARRESER T TIT @B HENATRE, XEhTE
T HR A D BE AL R 2 4 2 TR 1 22 S MR OR S B0

Wi 6 fior, WMELZEBIE RN 0%Z% 10%E FOVKMBNSIE R X, 1mET 1000 N m S & %
Xo ERBIERX AL, EEREFIRGEm, TIT RERIGME, U 25 Lu ] 88 inae a8 b 1 Fh
ZSE . TEARMBESIERIX TIT E MBS0 B 7 B I N AT DL 35 32 i
WIS s AR E e, SR EE 2 A . EE A T R BN IE R X, S IE IR 2 A KR AR
FasE . W 4 Fs, drm o] DUS A8l 22 4 M3 729 53%.
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Figure 4. Safety variation trend at a truck penetration
rate of 70%
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Table 4. Maximum safety improvement percentage under different truck ratios
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