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Abstract

To address the challenges of traditional static control strategies in adapting to the complex interac-
tions in mixed traffic environments involving human-driven and automated vehicles, particularly
in freight scenarios with Heavy-Duty Trucks (HDTs) and Connected Automated Trucks (CATs),
where vehicle heterogeneity, lane-changing conflicts, and dynamic coordination issues are increas-
ingly prominent, this study takes the elevated expressway of Liangang Avenue in Shanghai as a case
study. Combining the characteristics of mixed traffic flow, a collaborative control strategy for mul-
tiple vehicle types is developed. Through dynamic lane management and truck platooning technol-
ogy, the comprehensive transportation efficiency of freight corridors is optimized. Simulation re-
sults demonstrate that an increase in the penetration rate of connected vehicles significantly re-
duces headway and mitigates rear-end collision risks (with a maximum reduction of 53% in the
Time Integrated Time-to-collision (TIT) indicator), providing theoretical support for the design of
multi-lane dynamic control strategies. When the penetration rate of heavy trucks exceeds 40%,
dedicated lane strategies significantly enhance traffic capacity (with a 9% reduction in travel time
for heavy trucks) and safety (a 100% risk reduction), among which the “platooning-left-side con-
nected dedicated lane” strategy delivers the best overall performance. In low-penetration scenarios,
dedicated lanes may lead to underutilization of road resources and reduced efficiency for passenger
cars. In the 40%~60% penetration range for heavy trucks, dedicated lane strategies must be com-
bined with platooning technology to balance efficiency and safety. When the penetration rate ex-
ceeds 80%, an inner-lane layout for dedicated lanes can minimize weaving conflicts.
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PR RITHE 1 ARG R GRS, N T BB A3 SRR R AOE . VI E S5 T
FAERFEZES; 5 AWM FEP A H e, BERM-REREh kR, flsh it aedES
SNREAFERZE S, AR RS S A o T00T AR ORAZIE P85 v 22 72 B SO 42 A S 7Y
e Hiaty, MAHRIAFAEEZ AL O RGBT HE BT T2 561 51— [ e 22 LE A
BL, 0 2R B R A Y HRZHORE SOE R BT FUR 5 I8 REE R g BOR
XM E RS REA RER = ARDEAT AR . At RN SR HEIE .

PRIE, ASHIT TS, & & A B R RUE B 2k AR, e (] 2R I8 B 45 5 R 2R G AL P Rh OB SR
FHRNIIHT T AFTIBER RGBT T, R E 302 3 5 E T T8 R s, Bk
DS IESRIEEB SRR

2. RAERBREEERE
2.1. BEBEFREAR

TRA IR B F F AR AE = A7 IRA SRR, CAV M= RUS BRIE T LA [FEE
R PAS LA 5 HT o

TEIRA IR T, BRI — ez B i T AR T . tFENBEG B[], WRFTIRE L
BRI A IEE M, Wi e - W - W R R CAV MRS SRS T, EETFROEE LR
A [ R [m) 38 BN R SE I . Wang Z5[12]F1 Shi £5[ 1315830 1745 546 T3 _FIR &3S i 138 X4,
DASEILATRRFIAA I H AR, EIEAE . LA P RIRRIR SR S5 T IS 734, Yao SEAEVR -G ACE MM
SIMTTHIRRE T — RA AR, Glnsrir B Rl e ERAUB IR & B 2 etk . B8, FRE ML
REFME[9], VHE CAV X s 2 BV A 4240 2 B A A3 AI R e ma [ 141, BAAGHE. CAV S o fEAT
ZERNFIABE 0] A8 18 25 B R MR [ 15] o

SR, KREBHCFHERIE T CAV HILAL, Z8s T HERsRErh i) N B0, AR RE 7R 7 4248 15 e
1. HURTHH AR R T/INREMREEE R, NENEREEZER. A UREEHEA S A
EW RS N TE SR KIBEMRR DDA NIESERNRE, BRI HaER/NA
#-(Connected-Automated Vehicle, CAV). H 5/) 3 5 + (Connected-Automated Truck, CAT, J& LG A“ &
BEER” B0 “CAT” ). ALZ /MR Z (Human-driven Vehicle, HDV)F1 A\ 1% 4 & < (Human-driven Truck,
HDT). Wi 1 s, 490417 2 P E 30 2 5 /NAZE(CAV)IR, G4l CACC B 5T %
EEA . ARG N T M AEMHDY. HDT)R, BTk 5107 BT V2V ilifs, CACC
BRI ACC .

CACCHHEHRH
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Figure 1. Scenarios composed of mixed traffic flows
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2.2. FEEERE

RGBS E RS E A s, WEEEH] FEEE. WARES . WRIER G @R SEbrRrE,
AR NG : RS FEEE . ERGCMmS, 885 5E 5e %A R0 S A A 288 1) 4=
W, @A CAV ST FH i R Sl AT RCR A e e . 1R 22 4 SR T e 3 A 2 A R I 2R A D
/D ZEAR IR A LT, AT B T B AR AT I A 3

BEE BN E BRI KR, BiAR g BRI AR S BOR e LR A BLEAE, MELTE
PARIEE — LB, AN LR R A Hod RS i, BEE R R 2N B 3h e, [ RERER L4
PARITE AR R AT ME — D . R ZE R ZEBART DU B35 PR S SR [ R0 sk 2 28 A 9 I N R 1k
PEmACiE A, MR/ I8 i A, (RIS AT I n] DA 4R BN BT R R R B R R
T BRI T FE[16] -

ZEIEE 1% (Managed Lanes, MLs)— B2 & P A0 KRG A ORI . SEil ARy @M, FE%
PR B AS . IREE R 5507 1 A fg & — AN B AT PER e, @i G HATRE ) . R
PR, FEEERS T SRE AT E17]. i EEE Y, R AR TE N R PR IRATE SUR AR )
MR, AT 2 3 GG — N S22 R EE[ 18] RE AW TR CAV 1] U 3 5 5% Z2 38 1)@ AT BE /T,
{EYR A A AR FUSE 2 R IE IR v 5] NI 2 FEAAT AR 8 0 BEAS CAV I 1ERE[19]. Sala F Soriguera
2046, HT CAV 5@ EMILZIE PRI, X CAV ZCI F T BEA 2 7] 5 5 BUE B AT
REJIMIPRAC. DML, AT 7RI CAV $R4EREATRE IR T,  H BN ZETE B 8 S RO s
R, DMARFEEN B S A m iR sl A

3. IRMIRRIE

N T HERR LI AR TE VR G S B M ER B AT S, A SO A 2 R R AR Y, GG R R 2 b A A
(Intelligent Driver Model, IDM). H i& R i& A% 1|15 84 (Adaptive Cruise Control, ACC)FH =51tk 7] B 1d& M
AT F2 1 T (cooperative adapted cruise control, CACC).
3.1. IDM =8

RS B A (IDM)H B T RAEA LB B AR ERIAT N, W ARKDITR, o™ (1) ZnEfin
FERS (] ¢ FGE S, AR s R G4BT T OIS 18] TG o

b, () (5 (v (0).80(0)Y
: umH J[ o J

s (v, Av)=s,+v, (1)T + () Av(e) 2

2Jab
Horr, a M0b R B K IR B ET G RGE L o v, (¢) 72440 n A 18] ¢ (BRI . v, A E
A8 2 T s s, (1) = x, ) (£)=x, (6) =1 R m IS 50 25 o — 1 RBL 2 1) 056
B, L RATE-1KE. FRA0)F I s, AFF RS TSN ZE2EE, T HZEEREE,
(1) =v, ()= v, , (1) WTEZE n—1 547 n 15 ¢ S E 2

3.2. ACC &8

3R R (ACC) 2 32 B AR (K F AR BR R 4 AR, T ) 2R 5 0 o i 5 9k, DA
RSN 2248, ACC BB HANG)FR, 0, (1) /& ACC 248 n TERT ] £ 1Y IR FE .

n

Q)

DOI: 10.12677/sea.2025.145097 1094 OISR


https://doi.org/10.12677/sea.2025.145097

SR

a}“ (t)=k[Ax, (t)-1-5,—t,v, (t) ]+ k,Av, (¢) 3)

Horpt ey M ey BRI ZHL Av, (¢) = v, (£)—v,, (£) NETEE n—1 15 ACC BREE G450 n 15 ¢ I 220 ) L 22 (-
e, (t)=Ax, (t)=1-s,—t,v,(t) N ACC Eiﬁn?ﬂ?tHT7UE’J;'<5TEE[&/ULn'—ﬁﬁﬂtéﬂﬁﬁiﬁﬁ?é?ﬂmE‘JEE%%Z?_Q
,,,,,( ) BN BREE A IR S S BREE SR 2 AT IR R, DUERE KBNS T 4 B
B, MWTSEBPFRRIER G AT . B, ke, , (¢) 0ME, VEWIERRE 2200 20k DOE e &, x5
T LA R . oy, (¢) 20T ACC B4 n fERT 1] ¢ HIESE . Ax, (1)—1—s, NSCPRERBERAS RS, H
i Ax, (¢)=x,_, (t)—x, (t) 9 ACC BREE A n SHI% n—1 (NREESER)ZIHTE B ZI 4286 ¢, 9 ACC
T B 20 T AT DA (At s ) A 52 ST 55 PO ), PEAZZIN IR P, 2 o T R S i B A b i 4
MOBEEY, LAZedr, PR g Q. [RATE n—1 KA, s, AW IDRE TR/ 2 A8 .

3.3. CACC &8

AR A B & N R IR EN(CACC), 824 CAV IR CAV. CAT fRIh CAT I, J54FH v2X
HR G E#ATE B H, SEIRETE R R R S5 Em . A X(4)/2 PATH SL560 % 52t 1FE T PD #2411
CACC B8, & (¢) /& CACC 4 n TEIT IR ¢ I SE .

as*ec ()= k, [Axn (1)—1-s,—1., (t)] +k,Av, (1) +k,a,_ (1) “)
Hrbik, ok, Ak, WERMEHIBHL e, (1)=Ax, (1) —1—s, —t.v, (1) FIPVERZER n 75 ¢ B 2000 92 PRERBEAR 25
SRS IRBEIRES Z M W EE B 22 . 1, 9 CACC 3B BE 24000 1T ZEAT D9 (s isk s ) il H s 2 Ffe 375 1 B ) o
a, , () NATHE n—1RONGESE, FOMZERITHEE V2V GBS, DULRT DRI 2 IR o, (¢) SIS
Bo Av,(t),Av,(t),Ax, (1)1 s, W5EHTHTE Lo

4. FIA SUMO HB&XBRAEDH

A E GOk T PR - AR - WS KIE - BB AREBR LS MitislE, Bk
KIBCH VYA A S2 I k) & K2 13.1 km, R “ FARmELE + Mg ” B, &3 80 km/h,
[ *”mﬂﬁﬂﬁ/\iL%ﬂ% BLRVE 7 WIIE . PRI AR DATE 20 m Z R BUAT O, B T AS B &

ST ok B/ S 22 A BR R . T v 1 32 B MUK AR S RS R R R AR AR ITE N T A,
Iﬁtztxxzﬁ%%ﬂﬁ/%j:ﬁi L PR RIE 78 UL R R i e es B, SePrib AL B 5 S s 2 P, %1%
DX 3R J 7 I ) % B AT A

EWEBRE b
WA

Figure 2. Actual road segment map
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4.1. FEEFEERZT

N T T RAEBRBARIIME S, K 3R 5 H Al S A 73 (R T 1) 4538 78 BEAREG2 — RhREA AR =
RIS RCRAEIE 2 2R BRI ERRER. B PERERZE R A, K2 RECE RAT 3T R4k
MR, /N AT i T A A M 2208 PR 43 M B TR K. AT FERRE L R PRI Kl e R AR B R Y T
LA 5 i 4238 7 L SRS -

Mg —: RUVCE L EE@R), AP RIEREE R 3 PR, ERARVFTE T A NP4
o BAMUIGIEGTE, ANTET DATEET BT A 538, FESMII Il U - SRR, T b gt
BANRAMBFIZEIE. BRI N R FERR, AFEMBLEBIER.

D 1O »D ¢ W0

D D e =@

Figure 3. No dedicated lanes provided (current status)

B 3. RREEREEIVK)

g BREE R L HE(CAT), WK 4 PR, ZEEEE T RANITE CAT £ HiE, UALVF CAT
HBEN; EEE R HDT (LR VAR 8T, KA EPRANT AR S A2 %7 JF; HDV. CAV th
ST AFE AN =, =R TEAT .

Figure 4. Dedicated lane for intelligent heavy-duty trucks (CAT)
Bl 4. BEEEFEMIE(CAT)

TR Rl T E BN B E B A, L AE AR E R B R D TECER AL, PR AR [ AL
2 BN B 1) 2 T TR A o B RAT R n] 5 is, D EBBrads 3.2 km, Hh ARt s 3 Bl
km KA EATH B JFHAEE A 1.1 km, 2.1 km AARYE LRI DLSE A BCE B EE, A DIE, [HEL
WA K 100 m W58 VY 2R 18 F T R4 . s . B FIE MGG, 7R B DIIE R BUE . O\ F I E
R IEIFICR Y 500 m HIZZZAX,  PRIATHT S % 600 m % Btk DAHIE
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Figure 5. Design of weaving area in ramp zone
B 5. MEXERZAXEIT
MG = ML HIIE(CAV. CAT), Wil¥ 6 Pron, Hig =fEfA MR M4+ 118, evrirg Ml
AR REMIRDIRERT F S B BB, 88— 4 IE N 40E, SUVF HDV. HDT 173 H=ZiE v
HDV B\

Figure 6. Dedicated lane for connected and autonomous vehicles (CAV, CAT)

6. MEEZEEAIBE(CAV. CAT)

SRECXFhHens = ZA PRI : —J51H, CAV M CAT BARATEAMRERN, HIFJE T8 REMBIRE,
EATAT OB I IR R ROE TR, T8 PR 2 4 SR R4S TE IIBATRE s 53— T, FERTFUULI CAT. CAV
e BRI IIARKI VA, I I AT B[R — 4R 38 DDA 2 0K B B T8 138 AT BE S

MY Al - B AEE R L HIE(CAT), Wik 7 fior.

D -0 D e

Figure 7. Left side-dedicated lane for intelligent heavy-duty trucks (CAT)
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HEWE T oM - MEREE L HIE(CAV. CAT), Wil 8 frvs.

Figure 8. Left side-dedicated lane for connected vehicles (CAV, CAT)
B 8. &M - MEXFEZAE

FHEPUANRNS ., FEHRKEHEANE. BEsANALTHAEE, hREE R, R
VF/NUZ(CAV M HDV)ATBE: TR 56 S A 4238 SUNIAE I %5 - SRR AT Eﬁﬁfﬁi, FE At HDT 173,
[ S0V HDV. CAV BN 31X 2 PhoRmS i KIGAR f @ CAT B BAERNMFE, Wb T CAT 1E
[T 38 X355 B N 5t R R A8 4R R

4.2. ERENBRMRETHEBEHELEER

4.2.1. FIA SUMO #{TE sEMEX TEREEE

£ SUMO AT 8 e RIS T B AZ I8 0 JL I, I8 % 75 2245 B TraCl (Traffic Control Interface)#f4T
AhiREEdl, DASCELAERRIE MG BACE. Sha AR AR LA B 4T . (8 TraCl 2 11 SER ST &
ERREE, WRKAE CACCBILIENL, NGB ACC FRINEIY JHE NS4, # minGap I Tau
SRR “2.57 A “37, RIAEEENIPLAE TR IR IE IR A AR SF I ACC BRIUABEAY, I HonoK T FRE
1) 2 4 () P R A 28 [R)

VU A SO B I R 35 1 R, I R SUMO B “LC2013” #HuE iy,

Table 1. Main vehicle parameters

® 1. EEERSY

TR length/m accel/(m's™2) decel/(m's™2) minGap/m speedDev  maxSpeed/(m-s™)
CAV 5 2.6 4.5 0.5 0
HDV 5 2.6 4.5 2.5 0.1
CAT 16.5 1.7 2.5 0.5 0 22
HDT 16.5 1 1.5 2.5 0.05
(8%) cali/l;g(lilgw Tau/s IcStrategic IcAssertive emissionClass
CAV CACC 0.6 5 2 HBEFA3
HDV IDM 1 5 2 HBEFA3
CAT CACC / / HBEFA3/HDV_G
HDT IDM 2 / / HBEFA3/HDV_G

RS E PR W
length: 4, BAK(mM), AFRFHENMNIELEKBEEN Sm, EFKHN 16.5m; accel. decel: Z-4Hif)
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R IRIE, BACKE X7 (mes™), Y€ TR EMHIZhERE: minGap: /b4 [AIEE, BIH
RE S8 4 75 LA G I N DR KR 1) B A 2 A TR R, AR SC RO N T2 B ) R o DR B K ) 22 A TR
speedDev: ZERFIEERENSH . = HAER 0 MR RESRFFXmE FREHEMEE: AHER 0.1,
M ZE 59 2> 1 T BRAR R FE R VF3) 10%, TP 2RSS0, BN TR EFIAHEME; Tau: AR
Uit pE, EPHTEEZMREESEEERERIE. DEAS—IAN, CACC FMHM R EE <A T
BRI N, ANRER BRI R FE 2 U R, IR B TR A IR A e BT PR AN VR BB /N5
lcStrategic IcAssertive: X NZEE SUMO A TH#H| FEWiiEI T MR EESH . 1cStrategic (KIS HE#R
EZHO R IE 2 5 B A K IRRINE, BERoR, Bl 20 2 7% 84 /a8 @RI . 1cAssertive (HiE R
WAL S0 BV 2402 5 BT BT I, JUHR AR B B AN 5 10 22N 2 15 2 SRINT AT i 14, BBk
K, EAFHEAT R FIFAY; emissionClass: SUMO 1 LR IR RS HERCERN 280, H T8 e 4
PIHEBCRYE . S 80h ) “HBEFA3” FRonfi HBRIME, A/NAEHRA;  “HBEFA3/HDV_G” 2+
1) “HDV” SHISCa R A LA/ NI EARF —ME, ZSHERR R KB E R R HBOE A .

KA GEMNBLE RRART, FRAE B3 rouxml) ) CAT e M7 BT FiE s 5 nian &
2 R

Table 2. Grouping CAT parameters
2. 4wl CAT ¥

, Foll Accel
AR ca{/l(;) de(iw S(cm .csc_:ze) ploegKp ploegKd Tau/s
CAT CC 1.5 0.2 0.7 3

Hrr, “cc” fR3F& Plexe HAE AP #% ] (Cooperative Control) &%, [ TH T CACC HfHE, *
N2 B P9 1 ZE AR R UL E TR PR [FJER %2 0 ceAccel iy CACC # il INIE FE (my/s?), 7€ X CACC HBRLTE FAF
A7 B (1 B RIS B, 5 M 2 A RS 3 6T I 2 A B T F i S AR BE - ploegKp A1 ploegKd /& CACC (H17]
H o SO f) 3 24 Tau 5 ERAE, ZAAE R R 12 25 A4k 5 R 5 0 28 10 33 28 RSt I 3R,
T 25 A A ST 24 455 S5 00 P 1 [ B

4.2.2. TN IEHR

AT B I UARHELE /NN (pewh) N B EAT T B, I TZIR AR S A AR HE AW S A KE R, pr
CLA 2353 T e vt B (8] I B/NR R B, R 8. TR RE T, SUMO 2 id3IEid 28 mi i) 2247
id, JFAET A A R8T TraCl B HUZ SE A7 0 AT R TR AN I 8], e e Re/NMR G . R 2R e kAT
BT o 45 R T BT RTTVE AN A 50(5) (6), H RIS TA] & AT RE N A] e 25 147 R 00 T AT I A], L
RIBEKE, v, NZRE N RSITEE.

LossTime, =TTT L &)
Vr

_ ZLOA:/T ime, ©)

24K TTC HARAL, TTC ARSRMIRE A 4 T SE AL T, 25 AN SR ] 1l 3 sl sk 1
Jitg, R AR A RIS TR ARE DMERETT, JEER TTC BMEBIE N 3s, HIZ TTC /M 3s i, %
P T Vo V5 E ORI ARG, A AN SRR SO Sh O i, AR W RE R AR . DRIk, R Bd R,
TAREABF IR REEFTH 4010 TTC {4, JFGeih e TTC < 3s L

BRSO I8 3 A8 — B ABR(CO)HFBR A N PF AR . SUMO SR BETRARAHERBOR R, T AR 4250

LossTime,,,
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KM ATROELE . IR LSS HOT HAR AT Hd R T ) CO, R . AWTFEEET SUMO ) HBEFA
HEBOERY, XEAS [F) 28 RS 2 A R BRSO LREAT AU iy . AEDF HOd A, SUMO BAREANINE]E step id
SRR CO HIsCR, JFERANT H Br it T RRR BB 8GR, e a8 s B Ak,
Gy AR B INRZE R R 1 ZE B R

4.3. REUGESHR

NT BT E-RBIER - SRR IEFEZ REmEER, SEOE WA 9 Fros, Hd[E e E Sy
0.1, PiEI ] 3000 step B 5 min, CAV BiEHN 0.2, /NAETEN 2000 Fifg/N, BERFEN 1200
WAt /N

##2SUMOBES LA Ts#s2

EWIRE: THHE
BEHARS: 01
BEAGESE: 3000
MEVNSEDIGSEER: 02 -
FEREFiFSEE: 0.6 -
TTENEEEE(E/NIXES): 2000 v
TTESFEEEENIXESE): 1200 -
SEIFHRRAE: @tue (Dfalse
SR Bfes Ono

BE B

Figure 9. Simulation parameter settings

9. HESHKE

4.3.1. BITREA S IIEMN

ESR W TEFR. 10 BAFEEKEIKE T, EROATERNF - & RBERTHEMEFR
LossTime-HRiZ1% 220 K ; 11 RAFEERE T, ANESATRER E - 3= -R20E R BRI NA
% LossTime-H KB EFALWE . WA AT LUK, SATFEN RN LossTime 778 W1 W U AH G, 3X
Al LU A (S HEFEAF 2

TruckTTS — BiE% TruckLossTime — &iER

190

e ] 3 —— EEE
-u- EREFEAE -u- EEEEEAE
o &~ RERBEFEAE o - KA RBEEEHYE
170 ke ENRBERE = A EMERERE
& %~ E_EWRBS Bl E %~ RE_EMREE Bl
i —— ENFBEFERE P N - ]
RE_ERRRE Bl RN A, T BB MR F S il
—*- BT AE \§,\ X —*- WEBEME
160 -+- R FREAE . —+- A RS ME

150 T

60
BIEE %)

40 60
BIEE )

Figure 10. Heavy truck total travel time (left)-Heavy truck LossTime (right) heavy truck penetration rate change chart
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Figure 11. Passenger cars total travel time (left)-Passenger car loss time (right) heavy truck penetration rate change chart
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Figure 12. Safety level result chart
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Figure 13. Changes in heavy truck emissions (left); Changes in passenger car emissions (right)
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