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(1. EPORY: B4 BE, K 400030; 2. HEKKY [ EMEASERSHEAEWEHE A LR,
HLIK 4000305 3. HELPRHEHIR . SeibiiliE TAE#BE, HIK 400065)
# E: T4 A\ % (traditional human-driven vehicles, HVs) 25 3 17 4y 2 52 21 25 3 53 .00 BEAN AL 38 3 A A
iff 78 P 52 W, AT B 49 2 A b n ek R, 38 5 BUR & 3238 4 S MUK H 31 F (connected and  automated
vehicles, CAVs) 1R M PRIH BRER AT N, XX — 0] 8, 15 242 tH— PR AT T A% 5 N B FAT NI G A M 45 1E
e LA b, 2 EE A I AN RIS B R, R — M Ak T R0 (5 B R 4 (transportation-cyber  physical
system, T-CPS) IIVRAT 2= 3 PN 240 1 [ 425 1) S gk, A L R okl R IR HA% 8 N2 ZRAT R, FERHRAT R B 1 3
2 BRI ER A E AT AT, B, fEVR S A T I E 1 R RN B ZE L 1Ak W B E 2h 22 A0 4 49 R B M
B H 30 T TR AT 22, R R — 32 1/ E (next generation simulation, NGSIM) =452 $ HE 1% H 5 i 4%
Go N ZERAS, Hdad 7 B SR U6 50 TIE BT B W 151 42 1) S B 0045 A0 PR AT nT A7 M. R A7 B S G 25 SR mT BT AR P )
FEBE AT LARUE BT (B A 31 E e POR BRER AR N B TAT N, MR U TR A 28 8 5 >R 037 1) B4R it — 5@
PIER TR FAELE.
KR RAH; CHEREMEARAR: NEETH; WEEH; AEHENL%; NGSIM
HESHES: TP273 SCRRIRASAS: A
DOI: 10.13195/j.kzyjc.2023.0834
SIRME: B, VAR R T-CPS '~ 25 8N 25 ZE4T U RS M (R TRAT 2R P Rl P21 0], #8155 ER 3K, 2024, 39(5):
1424-1432.

Cooperative control of mixed vehicles considering influence of
human-driven vehicles behavior under T-CPS

HUANG Shuai*?3, SUN Di-hua'%', ZHAO Min'?

(1. School of Automation, Chongqing University, Chongqing 400030, China; 2. Key Laboratory of Dependable
Service Computing in Cyber Physical Society of Ministry of Education, Chongqing University, Chongqing 400030,
China; 3. School of Advanced Manufacturing Engineering, Chongqing University of Posts and Telecommunications,
Chongqing 400065, China)

Abstract: Since the driving behavior of traditional human-driven vehicles (HVs) is affected by the uncertainty of the
driver’s psychological and physiological activities, which will cause frequent acceleration and deceleration of vehicles,
it is difficult to ensure that the subsequent connected and automated vehicles (CAVs) can quickly track this behavior
under mixed traffic conditions. In response to this issue, this paper first proposes a combined neural network for
predicting the driving behavior of traditional HVs in advance. On this basis, considering the communication time delay
and vehicle kinematic characteristics, a cooperative control strategy among vehicles within a mixed vehicle group based
on transportation cyber physical systems(T-CPS) is designed to quickly track on the traditional HV behavior.
Meanwhile, the string stability between the CAVs in the mixed vehicle group is analyzed. Finally, under mixed traffic
conditions, a mixed vehicle group consisting of 1 traditional HV, 1 leader CAV, and 4 following CAVs is set up. The
next generation simulation (NGSIM) vehicle trajectory data is used to select high-quality traditional HV states. The
effectiveness and feasibility of the proposed cooperative control strategy are verified through simulation experiments.
The simulation results show that the proposed cooperative control strategy can ensure that all the CAVs can quickly
track the traditional HVs behavior, which provides certain theoretical guidance and reference for solving the new
problems brought by the new mixed traffic.

Keywords: mixed traffic; transportation cyber-physical system; behavior of human-driven vehicles; cooperative
control; combined neural network; NGSIM

Wks B ER: 2023-06-15; SR HHAR: 2023-09-21.
EeUWE: HKHE AR IRITH (2021YFB2501000).
RERE: AKX

VA IAA/EH. E-mail: d3sun@163.com.
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T Sk, W BE H 3l 4 (connected and automated
vehicles, CAVs) [ & & O & T B2, G E 3 42 7]
DL it 4 % (vehicle-to-vehicle, V2V) i 15 £ A Fil 4%
TR BN B R S I 4 2 TR 1) B IR L, Dy A
FEORG B 1) 3 R R, f L PO B B R R e &
FIRAS. DRt WG H 3045532 312 3 A s & AT
12 RER SR, R AR BT A5 45 2R I B )
L M E B RIS A g 58 4 B AU G2\ 5 4 (human-
driven vehicles, HVs) 17 B 75 18 %I, A K 1718 4% 22 38
2t CAVs 5 HVs ILAFTE i VR & 22 3 s-o),

B AR A A ) H A 2R AR A AR A SR A T
], (ELR] B 7 SR — 5 (1 A8 ) . — D7 1, T
48 N5 22 5T E 3 42 2 [ 3RIUE B AT R
DA% 2 B AT R I 22 S, 3 B0 IO R A 2 TR R AR e
PEXE DLORAIE. X 53 51 2290 1] () A8 € 1 19] B, Gong
U T — ML i N2 42 5 W EK H 3h 2R & (1 B
[F] A B4 1) 7 ¥4, 1% 7 1 R e ik DRV 6 22 B s e 1tk
A B BN ZE A ) 22 4 Zhou Z5 081 D 1 B A% I BER
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WA E B 3 4 PR Ot 428 o 07 92, 0 B SR B 25 SRR B, P 42
H 048 1) 771 BR A AT A5 o) 2 05 e 2 I 45 ) 475 150 DA
PRUEZE 8 52 € 1T B Chen PV £ X HH I I B 3 £ 5
& 458 N85 220 RS R TR A 2 A R A 12 e 8, gt T —
Fhar A7 P R 7 45, IR 45 IR G 42 AR AR e 1 251,
D5 A RIUE T AEAFME G N B BB IE R TR
A B, SR, A BB FEAUN B RS T I E B 4
Al DA 3 5| 348 40 N 25 25 (AT BRAS A L R i 12
PSS R, HL R A M T A 58 N ZEAT B Ik
TRAT AR I E 3 45 1R 520

7 L, IR G A s R, T M ECE 3 &
HIAR AT AR 42 5] AL 5 N B B B 34T R, (Rl S
JRZEARAEAT B R R 2 AN B B 3R IR AT R,
5 7 & WA R P VR AT ZE B AT 9 A R S 01 2R 0 2 T) A
DA B4 o L %) e o2 ZE A B4R 4724, Chen %510
FEAZ X iR 7 — M — SN H 3RS
n A ERFE FIfE G N S EH R A B8, e T 3%
TR G ZEAE I B I ) SRS, it 7 B SR AR B 1 P
PR ] SR B A% i s 28 S AT 38 R R FH A SR T T
FE. SR, 2 T AT A% S8 N 2 AR A% G R
iAo A% G N 2 (AR R R T BRAR, [ IS 9%
A MG B3R S8 0L A 25 20 | X IEE H 3 2 5 1% 4t
N2 B UG B ANE SRS Z [ R & R
Z. B3 IX — 1)@, Huang 2600 9 T # IR A& G N2

ZE 5 A S EH IR G ER R T IR A E
BRI M ATH (N E I ENSCRES 2
AN S8 N8 25 20 ) LS B RS i 4% 1), 72 b B Aih
ME BB RFMARE T — P T 42 7105
A AW [F) 5925, 1 B S B 45 R B R fEAN AP EN F, Br
FRTTVRHS Re i ORI & AR IO e RS M. SR T, BE X X
—HIFIE, RN IR AL G2 N2 2225 AT NI A
it 10 X B 1 80 24 BA PR 2

MRYE FIR oA aT N, B AT AH G E R A AC i
1) — L ) B LA TF R | —Lemit 5L, IX B 5T N A E )
RIEA K T — 2 M SR S IR 07T 3 2Rk
ZE T P Ak 2R IR — MR E R B, 491 2 D U2 A
F 1 IRA R A A5 372 0k 2 e bR R B
it S 15 1) 42k 25 3 FiE il 4% Santini 550131 ¥ 8 140
SLAER R B AR EIRAS, N T A1 5 AN BA S A 8 P
IR BN FEIRAS, B 7 — Fh I T — B 2 A 5142
il 45, 1753 BA A I R RE 08 R F SR ERPIRAES. A
M, £ 3L SE IR & A8 PR 5 v, A5k 42 A T AR 25 2 th
WAL G N 2 AR 25 N2 2652 th 2 T 53 (R e 4 i), 25
O R O (BT BRAR . KT, e ) M AR (O
55 Bk, FA PRSI A e 2
X ZER AT AR ) B, T B0 g8 N ZE 1 0o FE R
HE 2 AT Hh B 2h. fEIR A AR T, W AE
G N5 2R JG A — BB B 3 2, WS 48 N 25 220
FNIEAT Ay 2 5 I JE TR PTG B B 4R BEIRA,
{5 AR M ORFF — U, DL DABRER % 48 N5 ZE 14T
N BRI, FETR G A8 A A T, 25 e 4 Sk 2R BRER T AR Tl
JE RABAFIT TR, S Al g o490k 22 RE 8 PR R b A%
G0 N5 2 AR E MR AT N (AT A ) a2 H AR R
).

ST, AR S DL 5 N5 B 22 B R R Y
B H 3 2 T8 B IR & A2 18 3 O FU 0 B, 8 oy
Wiz 5 AL G5 N8 ZE 00 BN IGR AT ot i TH 22
WA H 2h 45 10— Bt 2 il DA K 22 I I 1 3 42 G 4]
RE A% PR PR R AL 8 N2 ZE B BNk 47 . E I
Fnh b, 0N T RERS A BT PO AL NS A AT A, R A
— P2 G R WX 2% 1) U vk, R, WSl BB &
2t AL AR H O, 7 S E I A A RIS B)) R, A
H—MEZ R EO ST E IR B E RN T
YGRS N 28 (RRAT 2R 2 I K 1B 2 4 BR R 48 ) 5
W, FEAT LS T, A T SRR A R NS TN
N —ARAZ 8 1Jj E (next generation simulation, NGSIM)
RO EE Tk Y, XA AR LS T R E R S
N ZEAT N0 BB I0UE T BT he BRER IR ) 5 ik A
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AXHEH —NREEFLH—FERANEES
n + Vi EL E 3 EH IR A R, b n + 15
WA H 3 ZE AR AR 24 X 2 B 3 UM G E 3 423,
A H 31 26 B 0 40 Sk ZE T8 et 22 35 1) 2R A IR A 3R
HHT T A% 48 N 25 ZE PR R B, FR il X L5 B R 4
H & BARAS. WK E 30 42 7 o BRBE 1 9 356 3 3 2 ]
DAIE i 25 230 13 R EOU AT T P IER 30 2 A A sk 42 1) Aor
B RN SRS AE B @ R AU B B
VT B B B GRS, A LB B B 2R RE R ) 2 5 Bk
H 3 ZERe s POl BREE A& G N B AT M.

BRiI&1 Y NBEAT AP B LRI, 45 Sk 4 Bk
H 325 75 LR PR AT A dEAT 2 > FA RN, DA B PR

Bi_EMATA.
fRis2 Wk R B 3 2208 i 24 Btk kAR e g

A BFER ORI T A% G N 285 R RPIRES A5 2, (19 T, ek FE
T A E L B PE SR, I X A B AT s Ak
HRILEA.

g3 WM E N FEREFIRERN B Y 26
77, Re W PR TE PN A 1AL 48 N 2 BRI AT D, LSRR
W H 5 S AT .

FRIL4  IRAT A R 75 0 L RS Y L
1.2 BIEHhiMEN

B I B ZE B AT B — AN R ZETE B i T
W Bk H 3 4 B % % (vehicle-to-vehicle, V2V) il {5
Dae, PIIC B 3l 4235 b i 40 Sk 42 1m) 5 5 1T R Bl R )
6 BN ZE Rk AE S, RN ERBE I G 1 3h 22 m) DL 3
I THT PR X BB 1 80 25 R4Sk ZE AT B L3, BT i
(R R R R AT A PR Pl SR WS
I8 )58 ZR, — MR FH R T 1A [ TR AT ik L),

H HI B (S $h b g 7 FhUe) 43 50 S Hi
7 BRI 5 (predecessor following type, PF) 5 i $h &5
¥y AT 44015 2 BR A 2 (predecessor-leader following
type, PLF) I8 15 4 $h &5 ¥4 . A 1A 2 (bidirectional type,
BD) i {5 1 ¥h 45 4. 0L A)-401 3 35 3 (bidirectional-
leader type, BDL) @15 #f b 45 74 XU AT 22 PR BE =X (two-
predecessors following type, TPF) {5 #i fh &5 #4. XU
A 25405 2 R Bt X (two-predecessors-leader following
type, TPLF) il {5 ¥ 4 45 #4) A1 2 7if 22 40 5 2 2R B =0
(multiple-predecessor-leader following type, MPLF) i
BEVRINGERE. S T T b s IR X B 1 30 2 2 TR i

F S B AR 5C R, A SOR I 2 B 2290 B
bt B E IR T .
1.3 FEWEHFRE

BT 2 i 4 AT R B I (4 T S5 R B R
AT ZE R P 2 TR B B0 ER R 1 7 5, ASCR 2
Zfy A A5 R 20 1 22 0 1) SR AT, R B B 22 R
S R B T AT DU A

pi(t) = vi(t),
’Ul(t) = ai(t), (1)
a;(t) = ui(t).

Forbpy (t) v (t) 1 a; () 73 7R IR E 3 223 5
P RIEAE I 2 (0 B T ERINGE R a () R Uk
H Bl 2R T 58 4 4 BRI s R, BN i FE R AR L,
FEAR S A BN i () s B 1 2h 22 2
HH SR 4 S 2 A ¢ I 2 AR R N SISO, XTI 2 2
HEP AUk A 1 IE 2 AR R AT BLROR 0 T

Po(t) = vo(t),
Do(t) = ap(t), (2)
do(t) = UO(t)

Fordr: po(t)« vo(t) Flag(t) 33 27~ WG H 3l 427
UK AL LI 2 BOAL B B AR 5 o () s 0
SRR INE FE, FF A 0k 4 AR AN s wo (1) R
71 WEER B B 2 R AR 2R ¢ I 2 R A

2 RATERE B R R RE 516
2.1 ABFRITAZMBLRITERE SRR G HEIR
ZIEAE B EE R 4 (transportation cyber physical
system, T-CPS)!"8) J2 4 52 188 v ) B U5 B 5 2824
PG BB B E AR THENUE AR B AR AT
SE A E. L WME BlE S AR BEUNSASEE T B — AN R
TR ZE R G 1% R G W] DU IR 58 38 Hh A BE S AR
55 B T B A BB G & 3 B RIS B R
FNPAT, LB It I T 368 45 41 1 PR AR A R0 A7) B SEZAAR TR )y
A, AR e R T — Mo R TB.
WK B 3l 253 o i) PR 2R 3T e 0l i 4R 7R
15 SR A I B 20 25 R0 80k 22 BRARASAE 2, AT
TE E S RPIRAS. 7 RENS 584 i ik I B 3
TERE AT AT R, AR SCAE IEAE BB R G AL Z)
AT ERE PRGNS 5 M E sh R b sk 4
Z AR B A 0, LA A R B 3h 43 9 Ak 42 5 ER B
IR B B R Z [AESY B R A EBUE B RS
(B A2 B b OB S5 AT, W 1 .
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(2 34T N, AR DR X B 30 2 3 b 2 40 I 3 3 2
RE 0% PR BRI AR B N R IAT N (5 B A £ 2
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KA, UL LN B ) ZEAEAS [F] I B i 28 2R 45 3R
LAt X B 5 30 25 A8k 2R RS A S B AE R 40, 1
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ERSNNOE RNy AN IS PSS 2 e A
AL R = I8 A P A 2 4, RO I 1 20 45 7
I %) I8 BB 1 ) 2 R 30 EHL T T i BB 3 4 A
ETEENEEN Y
2.2 T-CPS TRITEEATL CAV IREFIEEE T

EZ B BB RS F, MEZ P TERSRA
22 22 (P B N ROE AT A DL L B ], 2 A6 4R )5 T
09 DX BB 1 3 2 A0 sk 53 b, A 8 N 78 ZE IR A
DBGEAT AR AL 1S L5 R H S EXHE G N
T — I 20 10 725 gk PR A 5 RS 8 B, TX 2 3 B0
6 B EBEAN R AR I Mo R I AR 48 N2 2 (R 2 4T
. BRI, B B 3 25 2 AA IR SR I 5% 2] B ), REE AR 4
5 AT AL G0 N 2 ZE AT PR A B AL G2 N 25 4211
25 BgOPR S, a8 I IO R ASAE B AR AT B &
ITHATA.

N T iR b e R AR SR A LA ST 7
W LEIRAT ZERE P G B 30 4R K 0k AR SR AT TIAE
GNEER T —B ZPRES, Sk ZE AR HOR S HE AT 1A
8 S AT R, R PO IR R S NE RN
AT R, R, 2EAE B 0], Sk 2K B J RS E R
&35 5 T I B 2 2, LARA ORAEAN B 3 227
152 BME 40 N2 240 B MIROE AT R B B S ATh 98 A
PO PR R A% G N2 R 2 ORAS. 5 A6, AR DA

FEAR G238 of BR AR TR RO AIE AN A, PR BE 22 IR A
5T 2 PR o i R T A O, SR 4 R A 8 SR IR
ZE P i 5 R0 B A Sl v DA 59 B B RS 3 AT
W0,

R IR, Bt B E 2 428 A Sk 2R 4%
il &%, FAR B AT AR R

D) BRBL R NS ERPRESE B

H T 40 N5 ZEA B BT RE, N 3 2h 470
FEiE EEBERPE R NS EPIRSE R, RaeiE
I I A B4 b 2 e ) R A R I g N 2R
RS B, DR, 72 AR SCBEE 137 5 TG E 3h 4
T T IR A0S 2R AR 4 2 2 1Y) 2R 3 A% SRR AR SR DU T N 725
RPN B2 | o FE SRR S B, JE R 2e 45 B kA7 4b
FRANAFAitr, {5 L B Sk 252 ) WU TR AL 8 N 25 2R (1)
1T NIRME B2, DA OR 9K AL RE S IR IEE HAESEN
BN EIITA.

2) fE 48 N B ZEAT T

SRR PSPPSR R /I NS Gf 5
RBEAT A R EE F, WG H 3 75 3 48 i N &
BLAS 5 21 2, B SN i 200 5 21 68 07, i 48 5 2
(RS, AT LAEAT A B TN, 4 I B % 2 T I %
S AR A, PRtk R B B 3 25 AR R AT
ZEFE B I Bl R A ATk R AR B 2 AR IR AR
RIAT T AN B ERREE R, 2 T 25 B4
a5, A0k 22K AR HE 1 20 6 i 280 ) 8 B R 0 A% 8 N
B IEPAT 5 2], IERME G NS A 4+ LI Z PR
BEAT TR, AR B8 T RS AE B R G w R E
HIAT 9, L Re 8 PR BRER AR S N2 2 B B AT A
AT HE 1 2B i 2 T % A TR R g 5 1) /0N Y
25 [ 5 # Y (wavelet neural network, WNN) 5 %
101249 28 W 4% #5  (long short-term memory neural
network, LSTM) FH 25 &, 1245 Y ANV B % 38 b 1% Gt
25 X 2 AR AR HH B S 0 e /N R S, TR BE B 1 vy
ALY B TR FE . LSTM Al LLd i ¢ i ZI 5 NV 25 (1) i
NIt + 1IN 20 i), I AT DA S T S
I 0, S P /N O A 22 X 4 B A WA SO B P R
PELF AR A P R R A TR AR 8 9 M 7 9 T A
) (R 222 S 2 75 A S S BB EAT AL &, AR
558 (R FRUMNEL, 2R J5 £E 3 A FROIIAE Hh ik 8 4% 22 45 /N
VE DN fe 2 TN &5 2R P i H0 AR 2R 1 L Ak S T 3%
2 WL ICHR[20].
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HRAE P IEC 20 2530 rh 40 Sk 2 TUI0 H 76 ¢ + 10k )
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{2 BN BTk 2R [ R SR, i A o)=Y )
SR 4 4 22, DL 7 ATk 2 T BeIR 5, B G i Yioi(s)
R 1 A2
ot + 1) = kuo(amy(t + 1) — ao(t))+ sup|Gi(s)| =sup |Gi(jw)| <1, 1 <i< N, (6)
S F o > 0B I ST T, T TR 1 3 76 T P Y
oot + )_“O(t))’ B 12 2 1) 0 T DR
ao an(t) + ], I 2 20 75 EE 52 51 1 45 28 ZE B MLV 25 i £
vo<t ) vo(t) + ao(t + 1)At AT T T 11 20 2 BE e (1958 4 498 I 19 3 2 1
po(t +1) = po(t) + vo(t) At + 0.5a0(t + 1) A2 HAN Us (s) BN E Py (s) AL 8 R BT LR IR N
S

3)
2.3 CRITEBREMAN CAVshEIEH
FRAE A28 A5 B FE R GUHRAT ERE AR, PRI
(1 W B [ B 2576 A5 J2 23 TRl i 4 2l 15 SRk 42
T FCRTH 22 4 I B4 FIRASAE B, AR SR X
SefE 45 B 2 AT RT3 IR B 2B A5 A S5 1, wit
WA 1B F 01 4 3 2 4 SR BB 5 2 2 I e ) i 2
ui(t) =

i—1

k(Yo (ost = 7) = pilt = 7) = (i = vt = 7):

TH— (i = )L = 9)) + kylpo(t = 7) = pilt = )

i-vi(t—7)-TH—1i-L—S)+

kv(Zv] (t—1)

ky(vg(t — 1) — v (t — 7))+
ka(Zaj(t —7)—a;(t — 7')>+

ko(ao(t — 1) — a;(t — 7)). )
Horpi ks ey Mk, 27 I E 20 28 B9 95 0058 25 p; (6)
v; (8) Ml a; (t) 737 s I H 3 48 256 5 42 AL
B AIIERE; po(t)~ vo(t) Fl ag(t) 7379 F 7 PR B
Hah ERE SR E AL RS, 7 Ram M
K H 32 2 A5 B A% 33 (13815 I 4E; TH R 7811 5
BRI B L RN MK, S Ron 2 7 %
FRES.
3 RS

TS IR E B R S B g N R
AT 9 5 Ve ) 1) R R T 2R AR 2122 B 1Y) R AR
SrHTnR.

EX1 Wy(t) kg N2 4 0 hn i FE i 5 5
LB, G(s) AMBLEBIERENEE i — LM H
BN g1 (8) 558 G E B ZE 5 H v (1)
Z A A s R A, W] AR R A

t—7)>+

Bi(s) _ gz o

D) = Yi(s)Zi(s) = - Ts 1 1) )]
LS =T T Ter T ®
Pi(s) 1
Oi(s) = 4G =2 )
H: Pi(s)s Us(s) F1A;(s) T 28 i I H 3 ZE 01
B opi(t)~ BEHVEN w (8) I FE a, (¢) B8 37 322

P, w;(s) = m%%%i%lﬂﬂ%ﬁiﬂ$iﬂﬁ
SR W AR, T ROR I (B B 40 Dy(s) = e
F N A I RE by by AR e, 7, SRR AR ARG E
Bl ZE (Y385 B 4E.

EIE1 MNTEEAENw > 0f0 <i < N,
S N R E B4 R E 7R A A

V1= 1 (w)|”
w
kp >0, ky, >0, k, > 0.
EB O T BRI H 3 2 2 TR KPR S R ZE e
SRR F, — AN E B R g T LUS
Ki(s) =kyp+ ky + kq. (11)
Horr: K (s) Bl 0 B A e &y, ey Al K,
53 A 2R WG B B0 25 I A B R Ao ) 47 |
34
25 H B A IEG 1 3l 4 1) 22 Sk I BRAT 38 R O
TP HZNERE R — LECE S5 5 i N
YK 1 ) 22 o g 58 A 326 PR AR i R
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