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Cooperative lane change control for autonomous vehicles in lane
reduction sections

ZHANG Wei', LI Yong, LIU Tao, CHEN Xi
(School of Automobile, Chang’an University, Xi’an 710064, China)

Abstract: To address the traffic efficiency and safety issues arising from mandatory lane-changing in lane reduction
sections of urban roads within the vehicle-infrastructure collaboration environment, an automated vehicle cooperative
lane-changing control strategy is proposed based on game theory concepts. A two-player non-cooperative game model
with complete information is developed for a multi-lane reduction scenario. This model is expanded to include a
transformation of cooperative-non-cooperative games, based on the overall reasonableness condition and individual
reasonableness condition judgment. Passenger driving preferences are introduced into the safety and efficiency gain
functions to accommodate the driving style inclinations of various passengers and enhance the human-like decision-
making of vehicle lane changes. Subsequently, the concept of gain equivalence is used to resolve the Nash equilibrium
of the game system and allocate revenue based on Shapley value to determine the optimal control strategy for the game
vehicles in the two models. Finally, the joint simulation method of SUMO/TraCl and Python is employed to
experimentally validate typical urban lane reduction scenarios. The experimental results demonstrate that the
cooperative lane-changing control strategy, based on two types of game models, is effective in moderate to high traffic
demand levels and exhibits significant local effects in the lane reduction zone. This control strategy not only effectively
enhances traffic safety and efficiency in the lane reduction road zone but also has the capability to suppress the
formation and spread of traffic shock waves, thereby increasing the stability of traffic flow. It can serve as a valuable
reference for the mandatory lane-changing control of automated vehicles in the future vehicle-infrastructure
collaboration environment.

Keywords: traffic engineering; cooperative lane-changing; game theory; autonomous vehicle; lane reduction
section
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vrp Q3T +

H: ALy AL, 50 8 TRAE 9 #3842 5 i) 5
OF LA X ORIE 19\ 7] [A] B, AL* 8 TREE 1R & i
Uity s BE 8, Qs Mt R SR Z) 55 P [R] X 3 TR B
WRIETE A .
223 AE-JEEERFERL

it b, 255 FEEEM 3 HET 1T E1ED
W, AERFE T A SR O 2, A0 BT IR B 20
HEATHIE 7T, 10 BEE R M, TR IL R 2 5 WA i ik
A REME A SEBIL, B M, | TRAE “FR IR 06 B 11 % g
IINE” BRI S, M, SRR #3875 P 5 &
1) M, 5 TR FGIE R, TRARFFE 4 11 4238 0E Bk,
e & M, #id (W7 ARG E R, 2) M, TRE
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ORZH il KB, TR IE % e A7 Ul 4238, H ORJkH
LA G TRYE (=7 G AEIEZRERY).

3 W7 RE A 2 R BN B B A AR I IR R G AT
) e 2 o), HC e T b 7 A B A A T R
ARG B S A AN A B BRI 25 A R TR ) )
5E , AR SCR H B-1RAIE of B AL 2 5 1R A (R R AIE ek 3,
DA %18 25 2 5 3 B0 & oR A A7 8 T R AL B
WrR fros:

pa(M) = }Vn\lj{} Tff}xz ui (S, Snw)s

ps(N) > ps({My, TRY). (17)
Hodr: g, NERAE B K, N\ M NI B M) ELANBE B,
HZEu({o}) = 0. 85, tHE A BEAEA R 5 H
SR, I IR AR FE RN R AR

XF T A E, MR B FASUR 48 B Kk
R % B DR BEAT WA AR 23T, 4 T 20 e P AR 2 2 15 A
AINTIHBEMATH R . RS 53 OBkl
u(N) B4 A2

)= (V=D =D

(16)

, n! (18)
Aug = ug(M) — ug(M\{i}),
wi(u) = ug({i}), i € N. (19)

H: o, (u) AZ 5 ERRE M ) E S RIE, | M|
TR MR RO, no KGR R R B0R. 45X
(17) 1 (19) [A1 B 335 2 B, 3 59 4 B R 7% B ok Bk B &5
P R AT e P 1, RN 7 2 2) BN Bl i AL AT
Dh RN, BLES, SR RSN 2 R AT B SRS A
RIE B AR, T, BT S¥ %5 R R
GHIESERIWNE IS EY ST S (R VAT - iti T
2 HAR %18 (laney) B R EMHA S 5HiE # 45,
FIFHEE 2.1 8L HEA AR 1 2R A58 06 AH 5 ZE 4 gk
1790 [ e 2 )
3 HRSEE
3.1 iEGRBEESHEE

AR F SUMO 17 B3 AR a1 B 1)
M7 5%, Wit Python ZwFE A SUMO 52 i 4 il
1 (TraCl) SEIAL R G B iR N AN R0 ], LASSIE
BT R0 DI [R] 490 4 1] SRS 1) AT AT 1 RO R

W 251 4 i BRI o i R BT B B
RAVE W B F = ANy . 45 4 9l i 18 % 40 308 4 ol %
B RSB, THEE N 150 m, A5 47 38 46 a5t %
Bt 50 m A H B0 100 m, Atk L0E 150 m AN
I L IE L RATFKEE 730 W B A 150 m #1100 m,

% B K FE 400 m.

i S W B O 3 4 S0 A fE N XTIRA, R
F LC2013 i 5 8 (RIS A); SE58 B K FHAEG1E
THZRRERL (GRES B); 5058 C R & 1E-AE & E AR
AT (FRWE C). 3 2H S50 HH 1 240 4 R ol A5 Y 855 %
F Krauss &%,

BT A 02k T 4 H 3 B B I BT, = SCiE4
P, TR P SR AL (1) S HODUE & B2 2 SR 4L
FEAUUAERT FE ™", 4 A S bR B AT AT
AEWE. TR ESHOE N 8 m FRE N
Ve = 18.33m/s, fi¢ 74 18 P B§ A L, = 150 m,
B /N W E BRSO Ly = 20 my, 19 25 T 7R 9 B
K w/MEE D NG, =80m. G, =15m, fj &
Kt =600s, 1 5 LA & 32K 8 At = 0.1,
BB AN T = 3s, FMKENT, = 5m, K. &
AN 43 )N Qe = 2111/82\ Uiy = 4m/s2, N
BN ARIANG, = 2m, Hil TR ZBy. %
WA T S, B R TT SEp 5 Bl R
0.9, 10, 3, “FiE S E A p = 0.001, HirJG ERER R
o AT BB, BRI 2 By
A4 2. 40, 10.
32 UiIREREAH
32,1 REFRRSIEGHIHEHKRR

FH T 460 1 2% R SRS AR A ) 1 ZE AT ek SRS
RN R VK R S B i B S T i)
22 1 0T I I 45 T 4 1) SR SR R s e, SR et
g BRSSO T R AR & S i E T 5 A Sk, HAk
BUNE 1 .

Fz1 ZBFEEMRXEBE
S A i R/(veh/h)
lane, 640 800 960 1120 1280
lane, 800 1000 1200 1400 1600
lane, 1000 1200 1400 1600 1800

R R 1 R NACIE R (AL veh/h, 2838 75K
S5 9% DA lanes I #5221 & 9 ), X 3 2H S 56 53 gk
1T 5 A, e it A3 4 SR 30 A5 AN R A8 08 75 5K F 1%
F5y 38 5 R B ATl S A, DME AT SR 2R A

Bl 2 2 3 dH SIIGE AN [F] A8 75 SR T T 35
XPEG. B 2 g5 SRR, WA A T SR 3G 0, 3 4H SR
(-1 2503 FE 38 52 R e 5, (L2 T B i 52 A0 ~F- 3
KPR RN E . H R BRI 2 i = N 3
FIE B bR AR A LR, AT AR IR, R
BEAS. A 21 5 AN T35 FE I AT Bk, BB
LRGN, T E N R, A 1000 veh/h i}
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H129 17 m/s FBEZ 1800 veh/h B Y 11 m/s /245, M
tb2 ', B A5 C A3 FE K AR, Bl 4
TR IMA/NME T B BIEAE 1800 veh/h B, P35 %
A AR Z) 13 m/s, H C AR T B 4. X
— 45 B WA DG ZE B AT P (R 45 ), R A A5
F A A IE I 4 T8 I LS AT i, BR 0% 8 e 2 22 [F)
B Ik 4 T8 B RS ARIDN, BB A TR AR A W
iR ST Y

=15}
o~
g .
S po - AEm R A
= B P43 A
2 C TR RS
D sl A
3 B 44k
B C Vi

0

1b ﬂz 12 ﬂ6 13
il E/(10°veh/h)
E2 REZZBFERTHFIRFERTLE

zr b, SE0g B MISEEE C RSN A ORI 418 45
TR B A I s AT W B, L HAE s il N R
Fh AR T N 52, 1% 5 STk [20-21] W T S5 18 A
—3.

T G H BT HE A 1) SR X 2 I R0 I HL R
FERUR, DIAZIEE N 1600 veh/h A, i ECF )47 FE

THRE NP 3547 RE I TR SR A0 AR [ R A FR 4. 3 40

SEg b, AR T 2 A A S B AT AR B
Kl 3(a) FIEL 3(b) B, EIBIHE S 3R &4
FH1H.

H Pl 3(a) BT OL: 3 2H S8 7E AH [R] (9 477 B R 1] Bt
W, BB RIS AT R E SRR IR, B2, SRR
A TR ZE T 35036 B 22 R AR TR [l P 3 30y, S 350 3k
XN 12.67 m/s; FHLLZ R, HEB% B FIEEES C 1 R0
5 TR HEAN 7 L 1] P A AR R TE 5 = /K, HOoR
W& C I RCRTEAR, T 35038 LI 31 16.25 m/s, BN R
HIEF T 28.26%.

B 3(b) IR T R FHSEmS B RISERE C )5, -5
0 Tt A 2 T ek 2 B P T A AT R I T 2 gk
H AR F, X B4 7 2 i (R 30.56 s, 11 5K i
B FI5EHE C 737l b 7 19.21% 1 20.19%.

Dk — 5 53 B W ) 450 0 47 ) SREW A A8 8 22 4 7
TR R I, A SO an TR ¥ R A R i,
o T8 R b AR 32 BEOR BB Rk, A%
FEM ) b 5% RV, oK TTC A A A2 3 i 5 KUK 1 =2
PFE bR, LADPAik 1 7] 400 8 42 1) 552 W 5o 28 R A2 il UL 22
SR, IR SRR TTC2 s Ry Eph k.

Bl 4 AN [R) 5238 7 3R T 0 7 B e R R R L
WK 4 s, B 20BN, 3 409206 1 7™ 8 pp R

BEAARE ETHES, 756308 TR IR A M
B OREABRERE T, KIg B MK CH%e

PETHRCR AR, (R b A5 208 75 SR AP 3, B 2 AN
C ZH 1™ E i R A W 3 el e A2 E 1600 veh/h
i, B 2H 1 7™ E ph REER N 68 ¥k, C 414 40 X, 1fi
A HN A 158 R IX KB, SHng B FENE C 7E42
FAZ I 2 A J7 R T 23 MACR. X H T4
g T A 2R 1) 22 A W2 R BN, [R5 B8 T 4 iE 2R
5 H bR a0 R 5 22 gk a) E) BE DL KR 2,
Wik T 4 2 k.

160 f

/N

mlm-

Ed

{JK 80 |

40}

FE g

0

10 12 14

16 18

2L/ (10°veh/h)
A TRE P RAE ALY

E 18 I fl
< 140
E 16¢ VW%%WN { 2
i al , ‘( 130 =
=) W‘m ! &
| f « WL K-zo
2o \ il
) \ | U ,’ i il =
& \ uw W {100y
& 10} y | 110
B : , . L
0 200 400 600
1 E ]/ s
— SEIA(12.67) SIS A SBAT AL
— LI B(15.25) 256 B IS AT L
— LI C(16.25) G C BT
(a) “PIATIEEEERT L
= 30t ~——
3 P 600 =
:/ rr-rl- — — T \Q.‘
B 20f ] =
b 400 =
= o} i
= 1200 &
oy 1N
B oof, . . .
0 200 400 600
1 E ]/ s
— S A(30.56) S A INER R
— I B(24.69) SEHG B ANAR AR A AL
— I C(24.39) LU C IR

(b) ~FIATRERS RN L
E3 FiEEEERERR AR THEIILE

B ™ H ph REE AT
C P E P REE RS

A TR
B S G
C P E A R

El4 TEZBHFERTHERRYENLL
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VLB )RR S A i, e HE A ) 7 B b S B R R an T 5 NATIEEN 1600 veh/h I 3 2H 5256 1wk

W BTV, Rami A BT BE, R B LA C 2R E o
REYEM B 7 RGN, XA RERF N E R E
R R, & FIEE T RARE, MY
JS/ N TRV AR T 22 A A BRBICIR A, S EUEUInTE . 20
AN AT R, AT T 328D 1 A8 3 i K
KA AHRE B AL C 4R X — PG, N
T i R 4508 5 A A A (R N, 2 R
AR SIS AL ST AT I 2 42 T3 T [ g

B (8] 73 A 15 . AR T SR B 53R ME C, X HE SR mE T
(A2 38 ot 9 s H5OR 7 F P SR A AR B . RS @ o
RIS 25 53 A7 KA, K P[] 480 38 42 1) SR s 0] A 2%
/00 ~ 400 s /7 B 8] B A 1) 22 @ ph 58 TR IR AT R
SETER R AR T, BT 4 ] SR 0 fe il it £
% Z AT I UME A B AT S 2R i i,
NI X 52 388 £ 95 98 PR T P A 43 7 A — s 4l 4 .
RE IR SRS C TEIX 7 THI AR 34 FE B I

é_' oY 8 dory 8 ﬁ 8
28 2 8 C 2 8
= 6 = 6 = 6
= 6 E : ‘ = 6 -
=4 4 E4 gy 4 E4 ) 4
i 8 W2y B> o2y I
=k w400 Q2 B 05 : 400 Qg% E 05 : 400 2
100 “ /200 0\° 100 200_\° 100 200 A\
200 ) 200 S 200 &
fé{@@g/ 30070 & fé{@@g/ 3000 \@i«%\ éj{f@@g/ 3000 D
m R m I\ m R
SZH A S B S C

[El5 HiiERSEIXTEE

g5 bR, 728 TR SR, % 258 8 AT fg
D170 /2, R BEACKR, AT AR TERs, SR, B
i) 450 T 2 1) S5 S o) 4 8 i B3 11 R AR A8 3 12 AT 52 e AN
K. TMAEF =S E T, 1242 ) SREmE AT 38 52 = 4 Dk
I B IBAT RN AT R 2 4
322 AHEBRSEH EIEFIRAR

TEFE BN B3 sy, AR SR 2638 47 Dok it B Rl
P E B i BORT T U, v B [ A 4 )
TS AR T P R ) B, R 17 43 42 il 5 s sk
T A A % B A2 @ IS AT S, AR SC LRSI BN
1600 veh/h N, Giit T 3 45 4218 8 N1 34
A7 T BE AL I [A], 25 RS 2 1k 3 B,

HHEE 2 A WL, 75 3 ZH S0, ZE T8 40 98 X 3801 i
P8 BS54 T b ol R B S v T LA AN % B, Hllane,
Fil lane, I B[R] 4% ) B B B B o B35, B A
C 2H b 2 B A R AR . 3 3 B RO 46 D 418 11

EWMFEEADFEERBE A0 ELFEESRIE,
lane, T'Hllane, T1ENZERHERIXI, ZHIEIT N
S f R, T3 35T S50 B8 s e oy . 355 A
1R 2T B P SR N B AT 2§ EUE T B
[N 2NV R T 7 1) O O Y ) R T b
TAL Y TS 2 L9 B BT 0 . M L2
T, U BRI OO BB AR E I ER IR, 2
il G R A R

Eixt R ALAR L, SRmE B RISRES C 72 LT AT g %
B 35 Re il b o AT B R, HOR RS C BT RL
SR T 0E B EEAR TR ) SR mE T b Ui AN i B
FETHRORAIXS A IR, 22 Elane, T fillane, THE
(B THIE LU 22, S FHiR B2 38k i 60%. AR
=, H%0& C ¥lane, T Hllane, T (F~FH94T B ik 2 A
ST REZH R 5.55 m/s AT 8.62 m/s 43 TR THEE 11.78 m/s
A1 16.73 m/s, 73 AIBEK T 112.25% 1 94.08%.

R BEREPIITHERENE

25
(éi}\?/f) #Hr lane, R lane, R lane; R lane, T lane, T lane; T lane, F lane; F'
1600/ A 14.67 14.79 14.85 5.55 8.62 16.89 16.19 18.15
1400/ B 14.82(+1.02%) 15.00(+1.42%) 14.78(—0.47%) 9.11(+64.14%) 14.88(+72.62%) 18.19(+7.70%) 17.58(+8.59%) 18.30(+0.83%)
1120 C 14.69(+0.14%) 15.04(+1.69%) 14.89(+0.27%) 11.78(+112.25%) 16.73(+94.08%) 17.95(+6.28%) 17.61(+8.77%) 18.25(+0.55%)

R3  BHBEREBIRKERE

23 B

(i,iﬁﬁ/%) 7 20 lane, R lane, R lane; R lane, T lane, T lane; T lane, F lane; F'
1600/ A 332.75 488.66 518.77 2142.24 2193.91 224.51 208.78 18.90
1400/ B 318.64(—4.24%) 448.81(—8.15%) 531.58(+2.47%) 650.87(—69.62%) 559.99(—74.48%) 18.51(=91.76%) 80.25(=61.56%) 3.22(—82.96%)
1120 C  330.40(-0.71%) 445.93(~8.74%) 511.21(~1.46%) 360.52(~83.17%) 217.46(~90.09%) 53.12(~76.34%) 74.81(~64.17%) 8.35(~55.82%)
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H13 3 A L, 3 4H SR TE & B A A5 R ) [B) 7 THD
1) 2 IR 5 1 350 33 R R B T A R R L. AN ) 2 Ak
FE T, Bl [ 450 T8 42 1) S s 6F T I % B 4 481 O I TA)
I BEAR R AN B2, B2 N 55% ~ 83%. IX3R
B 38 Ik 42 5 U B I R AT S 2, ) [ 4 T 4
S e A7 R PR T 0 % B 1) R 3 A 1%

TEHNE AR, lane, T Hllane, T4 5 545
I AR 1 2100 s, 10 7E S 4% 1) S v s, 455
B 5] 2. 3 B AR, R0 SRIE C IR I R, 247
SRS B2 B> & 360.52 s Al 217.46 s, FE0E 7>
A 83.17% F1 90.09%.
323 ERBEHEST

BT R (1 4l e SRS AL RS 255 5 e AT
AT, QIR TR, R T — B8R A
P&t 42 1] SR 0T T AR A I AR T ) SR, A ST A
1600 veh/h 2238 & 9, #7304 7 3 s
BT 2606 1 3k A A A, %o B 25 SR 6 s,

AL/ (m/ s)

0 200 400 600

AL/ (m/ s)

AL/ (m/ s)

P FLF 1A/ s
(c) CZHEI0 LI AL

Elo ZEimiEETLRIEL

FEBE 6 H, AN [F L 1 T 28 43 ) 3R O i B AN
17 25 2505 P S0 P A A 15 . F T 0 R A A DA B
AT P E N B I, 25 it 4% 1 S 0 ok B2 A i A [ Lt
52 T8 B e BRI I 2, B R FE BRI N
18.33 m/s. fEFARIEHL N, ZEIM LI 210 A, AN
PR B AR B 2 B % [E) N BT 6 SR, SR S
A W ZER I BAAECIEE Y, X EEREHEHA
T R R AT e R, — H R
15 5.2, ) [ [ S W U V= X T
— I O BT, T BCEMEE IR, M2 T, 3R

W% B 55K0% C TR PLah Bl R Wl R s, Ho
R4 22 BRI R 20 ] S 25 02>

L5 L PTIR, W [F) 468 4% ) A A A R 2 R
Th T 4530 S el i B BB AT BRS04 g, IR AE
TR e V7 T AT L5, A BT 2l i A
Jl AL .

4 & #

ARSCHETT T 30 T 3 B 2 3 A R B B AR
SR 40 TE ) L T AR BRI A BOR, 4R T AR
G AE 3 A AR S5 & 1P [F) o 3R 5 P B . 3E
o BB T R 0 A, DAAT B 22 e PR AN 2 %
FOFRFR BT T U a R B, R SIN TR AT B 4T
BN EBEBE T, EL 7 P AR A AE R AL AN
EAE-AE A E IR ALY a5 i o 45 B AR A
W MEHEAT 7 AR, S AN RIS 1) 4 49
PRAT BLSRME. {17 FLSE I 45 R AR, P e th bl [R5 iE 12
] SR L 3 T 2 T 407 DR B ) A3 22 A v AT R
FRMN A A 5 VT T A 35 ROR . (H R AR R
Iy ZH R Z S I AIE, HLAE 2R G0 0 AR R e vt
R 58 4 75 8 AR AP G AT RE 2 HH LA 0 e Al 4 X
Ko A SEIR DL A B AR R IR ZE AR A, X RE R T
BT RGR S AISEN A —E %R, 58t
FORGHE T 52 PR A I T ) 9 A 40 T AT A e A X A
MSHORATHRE, FFAE IR ) 22 4 i 2 R A
T 2B & SN [ Al PR AE R 2R A I, EA R P4y o
BETE 2 L&A m) R i o 58 XURS: (4 25 & F b, LASR T
BRI S F . BeAh, ARRIE TR R IR AL
it 37 55t v B B 2 459 P [ 08 4 BT, DA 9 0R
W BRIz AL RE.
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