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Abstract

In the study of highway PPP mode, the uncertainty of the internal and external environment is
considered, and white Gaussian noise is introduced into the evolutionary game as a random inter-
ference term. We construct a stochastic evolutionary game model among the government, social
entities (enterprises) and ETC passers, and analyze the conditions required for the stability of
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strategy evolution under the uncertain environment, the initial value, the intensity of random in-
terference and the influence of different factors on the strategy selection of the three parties. Itd
stochastic differential equations are expanded by stochastic Taylor and then the numerical simu-
lation is carried out to verify the correctness of the theory. It is found that the initial willingness of
the three parties in the game, the intensity of random interference, the cost of regular government
supervision, the probability of identifying opportunism, toll evasion fines and other parameters
only change the convergence speed without changing the convergence state of the strategy. Finally,
we give the highway better operation and development of useful suggestions.
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Table 1. Payment matrix of three parties in the game

=1 BEZSXIER

BUY ALk (k) - ETCHiTE -
farimAT % AMarkiBeT %
SEW R 3 B,-A+aR-5, B, - A +aR
L+AL-C,—~aR-E L +AL-C,-aR
F-Q M,
AR 3 B,-A-S, B,-A
L-C,+H L-GC,
F-D M,
A KL 3 B.-A+pR-S B —A+/R
L +AL-C,-SR-E L +AL-C, - AR
F-Q M,
ARBHL 2 E X B-A-S B.-A
L-C,+H L-C,
F-D M,

W, =xz(L +AL-C, —~aR—E)+x(1-z)(L, +AL-C, —aR)

1

+(1-%)2(L, +AL—C, - BR—E)+(1-X)(1- 2)(L, + AL—C, - R) ©
Wy, =xz(L,=C, +H)+x(1-2)(L, -G, ) +(1-x)2(L, —C, + H) +(1-x)(1-2)(L, - C,) (6)
W, = yW, +(1-y)W, ™

b2 TR (k) R A B A T RE A

Ay _
F(y)= ™ y(1-y)(w, -w,, ) (8)

=y(1-y)(x(BR-aR)-z(E+H)+AL-C,+C, - SR)
ETC 38173 Ry il AT 2 AT RN ER W, « SR tsd 47 % (R B 2 W, 20 A

W, =xy(F-Q)+x(1-y)(F-D)+(1-x)y(F -Q)+(1-x)(1-y)(F-D) )

W,, =xyM, +x(1=y)M, +(1-x) yM, +(1-x)(1-y)M, (10)

W, = 2W, +(1-2)W, (11)
ETC 47 K| sh &5 18 9:
dz

F(Z)=E=Z(1—Z)(Wzl _WZZ) (12)

=2(1-2)(x(M, ~M, )+ F ~D~M, +y(D-Q))
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dx(t) =x(t)(1-x(t))[ y(aR-BR)-2(S,-S,) - B, + A + B, — A, Jdt + ox(t)(1-x(t))dw(t)  (13)
dy(t)=y(t)(1-y(t )[x (BR-aR)-z(E+H)+AL-C +C, - BR]dt+oy(t)(1-y(t))dw(t)  (14)
dz(t)=z(t)(1-z(t))[ x(M,~M,)+y(D-Q)+F —-D—M, |dt+cz(t)(1-z(t))dw(t) (15)

BT %y ze[01], FrlAl-x, 1-y, 1-z #OARFELEL A L0 Fm & SEs 1 A 45 R A,
LA S % e I]I][14]EI’WJEEEQ Xt E I A% G 1) =5 I A T 2R AR R A8 s Xl

dx(t)=x(t) y(aR-BR)-2(S,—-S,)~ B, + A +B, - A, |dt+ ox(t)dw(t) (16)
dy(t)=y(t)[x(BR-aR)-z(E+H)+AL-C, +C, - AR |dt+oy(t)dw(t) a7)
dz(t):z(t)[ (M, =M, )+y(D-Q)+F-D-M, |dt+oz(t)dw(t) (18)

Foet wit) MR 10—k Brown 123, 22 —Fh BRI BEHLEEBLR , AE0s AT sk BE LT 0 08 2 1
B, dw(t) R ETEIBR, R Aw(t) = wit+ h) - w(t) B EAS 5 N (0,VR) , ox(t)dw(t) BEHL
FHRIA, Horh o FoRbNLTFREE, Ho>0.
3.2. VBB FESRELS

A =0, x(t)=0. y(t)=0. z(t)=0. FATATLIEF

() y(aR-BR)-2(S,-S,)-B,+ A +B,— A |x0+ox(t)dw(t) =0 (19)
y(t)[X(BR-aR)-z(E+H)+AL-C, +C, - BR|x0+oy(t)dw(t)=0 (20)
2(t)[x(M;=M,)+y(D-Q)+F-D-M, |x0+0cz(t)dw(t)=0 (21)

HITR(19)~(21), AT dw(t)|_, =w'(t)dt|_ =0, FRREAAELETM, MIRUTERH AR T,
ARG EF BB AR A E MR, & B AR & X, ETC BT # A HR

A R AT P RIS R, Ak, TR IMIR. 2RI, RSS2 BN ANEIA A e s,
RESTSMA AR E P, DRIL,  JRATTRR B8 BRI 30 RGEARE MR RIFEm,  FSCHR[15]4 a5 2
g3 1

dx(t) = f (t,x(t))dt+g(t,x(t))dw(t),
{x@o):xw

FEAEESEATER LV (4, x) S IEE R e ¢, el <V (t,x)<c,|x",t>0.

éiN(L@:M(L@+VALxH(L@+%gﬂnﬂvw,

1) WRAFAEIEFE v, A5 LV (t,x)<—rV (t,x),t 20, NWAZBEHLE TR M p AEfR SR E

HLEE|X (%, )| s(z—zJ|xo|” e
1
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2) WMRAFAEIEHS v, 3 LV (6,x) 2V (t,x),t >0, MZBEHLD TR ZME p BrEfa o iese,

HEEEE|X(t,xO)|p2(z—ZJ|xO|pe”o

i 1% R(16), BV (t,x)=x, ¢ =1, ¢,=1, p=1, r=1, W
LV (t.x)=f (t.x)=x[ y(BR-aR)-2(S,-S,)-B,+ A+B,-A, |, W4H

a) ¥ A-B +1<A —B, I, T7FE(16)MF M FEHADE ;

b) 4 A-B +S,+aR-1>A, B, +S, + SR, HFE(16)MIEMMEIEE AT

UER: T 75#8(16), AT Lyapunov BELV (t,x)=x, ¢, =1, ¢, =1, p=1, r=1, H
LV (t,x) = f(t,x)=x[ y(aR-BR)-2(S,-S,)-B,+A+B,-A,].

1) i LV (tx)< -1V (t,x), BIx[y(aR-BR)-12(S,-S,)-B +A+B, - A |<-x, JF16)1%
RIS IR R, B xe[0,1] T, A -B +1< A, -B,;

2) HWHL LV (tLx)=rV (t,x), B X[y aR-pR)-12(S, —Sl)—Bl+A1+Bz—A2}2X,

JIREE) MR ECARE, hxe[01]W4F, A-B +S +aR-1>A -B,+S,+pR;

el 2 P RRAT), BV (ty)=y, ¢ =1, ¢,=1, p=1, r=1, N

LV (t,y) = f(t,y)=y[x(BR-aR)- (E+H)—Bl+AL—cl+cz—,BR], Moty

a) HAL—c - BR+1<—c, N, TFR(17) ) F M fa ke E

b) 4 AL-c,~E-aR-1>H —c, iif, ﬁ$£(17)ﬂ']$ﬁﬁﬁﬁ‘ﬁl$%%fé

EM: X O5AR(L7), AT Lyapunov BELV (ty)=y, ¢ =1, ¢,=1, p=1, r=1, f

LV (t,y)=f(t,y)=y[x(BR-aR)-z(E+H)-B +AL-c +c,- BR].

1) 2LV (ty)<-rv(ty), B y[x(BR-aR)-z(E+H)-B+AL-c +c,—-BR]|<-y, J5F%#(17)
MM R TR, By e[0,1] W4, AL-c - SR+1<-C,;

2) HHL LV (Ly)2rV(ty), B y[x(BR-aR)-z(E+H)-B +AL—c +c,-BR]2y, HREA7)H
EMHIEEIRBAFE, Hye[01]WH, AL-¢,-E-aR-1>H-c,.

w3 X FIrREL8), MV (t,z)=z, ¢ =1, c,=1, p=1, r=1, NI
LV (t,2)=f(t,z)=z[x(M,-M )+y(D—Q)+F—D—M] i % <)

1) JF-D+1<M, I, T7FE(A8) I ZFfEm EEta &

2) HBF-Q-1>M, I, ﬁif(ls)ﬂﬁiﬁﬁ%é%“iﬁzﬂ%

WER: X T #8(18), AT Lyapunov ¥V (t,2)=z, ¢ =1, ¢,=1, p=1, r=1, H
LV (t,2)= f(t,z)=z[x(M;-M,)+y(D-Q)+F-D-M, |.

1) HHL LV (tz)<-rV(tz), B z[x(M,—-M,)+y(D-Q)+F-D-M,]<-z, JF18)H Z i
HRERERRE, H1ze[01]) W13, F-D-M,;+1<0;

2) MR LV (tz)2rV (t,z), Bl z[x(M,-M,)+y(D-Q)+F-D-M, |2z, JFL(18) E A
IR RE, Hze[01] W, F-Q-12M,
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dx(t) = f (t,x(t))dt+g(t, x(t))dw(t) (22)
T -1,

Hefrtet, T]: x(t)=%> X% eR, w(t)&bs#E—4E Brown E5)idfe, #h=
T Q2)IBELAR BRI IE
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Horh R &R
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X(ty,1) = X(t,)+hf (x(t,))+Aw,g(x(t,)) (23)

Rk, FTAEBUR . *h4x (L) ETC AT [ =07 i A6 SRR R b X (16)~(L8) AT Lt SR e, 3k
fITaT A1 3

X(ty) = X(t,)+hx(t,) [ y(BR-aR)-2(S,-S,)~ B, + A + B, - A, |+ Aw,ox(t,) (24)

Y(t.y)=y(t,)+hy(t)[x(BR-aR)-z(E+H)-B +AL—-c +c, - BR]+Aw,cy(t,) (25)

2(t,,)=2(t,)+hz(t,)[ x(M,=M,)+y(D-Q)+F -D-M, |+ Aw,oz(t,) (26)
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FEHARFATAAZFIEIL T, FATE FE IR (E 0 U SRR 168 5208, WI196{H x(0) 234 HU{H 0.3, 0.5,
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AT LIS R, ERELTART, BT BUF I FEA & W SRS B4R B R, BT ABURF I AN
SE UM P 2 B A AR (R s TN, RIVIERORT 032 5 300 58 SR B4 1887 £ I 1) A IS 00

FEHRAZRIINEO N, AT IEBEHLREE o X BUR RIS BRI, BEHLIRE o 725 HUE 05, 1,
15, 2, JLOTE 4 %, BUR KIS FEIBE S5 R an 14 3 s
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Figure 1. Simulation results of stable point (0, 0, 0)

B 1 RERQ 0, 0)MTEER

0.9
0.8 /!
0.7

0.6

0.3(
0.2

0.1

— 6 —x=0.3
— ¥ —x=0.5
x=0.7

1.5 2 2.5

Figure 2. Evolution results of government policy selection with different initial values
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Figure 3. Evolution results of government strategy selection with different random intensities
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H1 P 4 BATRT LA BURTRHOGE H A I 75 B8 B A, UK, IBURT B R i I 35 A S UM A S
H A BOR, WSSoa BEBR, SR 1 UM R IS s A BRIZ S B, SO A A
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Blex T SRR REIRAS A BB ER, BB 14 £ A (ol ) REOHL £ 2 SCHEBURT IR BT A2 1§11k U2 6 K
A B i P B AR UL 2 5 SR SRR AT B 2 AW

WAL 6, FATHE S B AR I 2 3= SO S48 ETC AT & fidbi@ T 2% D i xS ETC
AT H FEACSE RO, 2 D M 4 A 7 b, ETC AT I R # A kil AT % 5eng
XU AL AR (L) o i 2R AT 97N B A AR O, ETC AT #8AN 2 B XURG: 25 G FR A B 3 AT 2% SR .
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Figure 4. Influence of periodic regulatory cost on stochastic evolution of government
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Figure 5. The influence of the identification probability of the government’s irregular regulation on the stochastic evolution
of the social subject (enterprise)
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Figure 6. Effect of fines on the stochastic evolution of ETC passer’s side
[ 6. $iFxt ETC @17 AREHURLRIFZ I

ARG E ARG E T AL 26 AF, WURME . BEALT D095 K S RE M ER 3R 70 T 10 5 AR 20 i SRRt s 4
UM, AN BE ELASR AT AR AR RN 116 BENLIN Y T AR REAT 2R B REOT SR HEAT BAE 07 31, I {5 B
FATAT LR :

1) WG E R 2RI BN, EAS SR RA NSRS, PliaE BB, W EIBUE
HEFEAN E I (I (BB s BEAL T PR o th A 2 BCR S ISR E,  BEFL TR o B0k, Jesk
T LR o

2) BIXTEURINT S, 4R IBCE W1 S0 BT 5 A5 PR AR A2 5 RS, BORF SEEABE 17 I B0 A o D M 3
WERIRAFTE LT EET AR BRI F, BURMX LS T SO SRR, thas EARBANEE KU
SRIHL 2 E SCRME, 2 A RIL 2 E SRR X T ET @ATHM S, e B L)x H @i
PSR, ETC JEAT H AEIE LI A 5 2 ) A i 65 AT 2%

3) {EmkitiaE HE A, NAZ I e A AR, ORI BE I R, R SR A AR S
HH 25 ) AL

SR, ASCATIRAFAE 222, T RSO TR TS S HCA IR, F R 4 1025 18 B 2R 7 3
WIS R 2R, R 2 R B SR s AL A E 1k S (RS, ARRATI AR A AR 2 et b 7

EHEWH

FE X 5 AR #3400 H (12061020): 5104 HE TR AR 8 (3RS KY F4[2021] 088 5, #ELE KY
F[2022]301 5); SiMAFHET RIS H S (B RHE S4A[2019] 1123 5. BSRLE - ZK [2021]—#% 331); 53/H
K251 N A FE42(N0.201811, 2021BS005).

DOI: 10.12677/aam.2022.1111878 8309 I3RS


https://doi.org/10.12677/aam.2022.1111878

SE K

(1]

(2]

(3]

(4]
(5]
(6]

(7]
(8]

(9]
[10]

[11]

[12]

[13]

[14]

[15]

Bing, L., Akintoye, A., Edwards, P.J. and Hardcastle, C. (2005) The Allocation of Risk in PPP/PFI Construction
Projects in the UK. International Journal of Project Management, 23, 25-35.
https://doi.org/10.1016/j.ijproman.2004.04.006

INEE, YOG, A PPP RIS mid A Rk T H MR A S5 F i FE[J]. B B LRE A4, 2011, 25(1): 154-157.
Rz, E57r, MR, BERAS S PPP I H (EUM RIS HE[]. 15 K25 (8RB,
2009, 49(9): 1480-1483.

TARWe A R, g, HAGTZEIBIM]. k4R, ¥ B RS i, 2015.

F/ANEy, ik, &, BRPHE. 6T P R B E R E S R tE[J]. B R, 2017, 40(2): 179-191.

Qiu, X., Jia, W. and Peng, D. (2018) An Approximation Theorem and Generic Convergence for Equilibrium Problems.
Journal of Inequalities and Applications, 2018, Article No. 30. https://doi.org/10.1186/s13660-018-1617-y

frid, PCA. AR AR ZRR R[] R E R £, 2020, 50(9): 1375-1386.

K55, AR K. ETHEMEIRNEEABKILREIBTRIT AN LBk 2% TESEE, 2014, 14(6):
113-119.

v, PR RTINS A K PPP Ui H &/ERFA[I]. BINETT, 2020, 41(S2): 121-125.

MR er, B8R, st JETRENLE LI 2R 1 dL 0 AR (L 8 I 2 B B A0 [0]. LRE A B 244, 2020, 34(6):
19-24. https://doi.org/10.13991/j.cnki.jem.2020.06.004

HEAR, VO TR RS ) 5 AR AR R BOROE M) 07 T[T Tl TR, 2021, 24(6):
132-139.

R, Wath. AT BUR NI B LIRS AR BEH LI A [ SRR AU [WOL]. P PR BERL A, 2022, 42(10):
4860-4870. https://doi.org/10.19674/j.cnki.issn1000-6923.20220615.022, 2022-10-16.

AR, AT, B, T RENLE A R AL AR 2 B B AR AU 0], h R, 2021, 29(10):
191-201. https:/doi.org/10.16381/j.cnki.issn1003-207x.2019.1884

PVENE, AR, BEMEE. 2T AR SRR VE RO SR A 2R T]. 25 5 B, 2016, 25(4):
23-30.

BLERE, SORY, RATEL BN TTREIM]. dEa BheA Hi R, 2008.

DOI: 10.12677/aam.2022.1111878 8310 I3RS


https://doi.org/10.12677/aam.2022.1111878
https://doi.org/10.1016/j.ijproman.2004.04.006
https://doi.org/10.1186/s13660-018-1617-y
https://doi.org/10.13991/j.cnki.jem.2020.06.004
https://doi.org/10.19674/j.cnki.issn1000-6923.20220615.022
https://doi.org/10.16381/j.cnki.issn1003-207x.2019.1884

	基于随机演化博弈的高速公路PPP模式的演化分析
	摘  要
	关键词
	Evolution Analysis of Highway PPP Mode Based on Stochastic Evolutionary Game
	Abstract
	Keywords
	1. 引言
	2. 模型基本假设与构建
	2.1. 基本假设
	2.2. 模型构建

	3. 随机演化模型构建与求解
	3.1. 三方随机动态方程
	3.2. 均衡解的存在性与稳定性分析
	3.3. 随机演化方程的展开式

	4. 数值仿真与分析
	4.1. 初始状态和随机强度对均衡的影响
	4.2. 单个影响因素对演化结果的影响

	5. 结论
	基金项目
	参考文献

