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Abstract

This paper extends the bottleneck model and develops a bi-level programming model to study the
traffic charge problem between two companies, one of which operates buses and park-and-ride
(P&R) parking lots simultaneously, while the other of which owns central parking lots. Therefore,
commuters can get their destination by either auto or P&R mode. The proposed model analyzes
two game scenarios: perfect competition and market regulation and considers heterogeneous us-
ers who are distinguished by their valuation of travel time. Specifically, in the upper level, the ob-
jective of operators is to maximize their own net profit; in the lower level, the followers would
choose the optimal travel plans given the traffic charge rules. Finally, numerical examples are
provided to illustrate the effectiveness of the developed models; furthermore, the result shows
that when the proportion of commuters with higher value of time (VOT) is increasing, the gap of
total social costs between two game scenarios becomes larger.
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1. 5|8

BE A A AR RTINS TR R A EUGEE A, BRI IR R N LB iEE)
(1) 2R 7 1o AH T 3 B A PR, AR 22 I T (R )2 17 O ) R A5 R it 45 7K P AR R 2 B 19 I
72 2 AT 5 oK, 0 MG e W (@ BT 8], A5 ZE 0 I SR NS i, T RO AR B A @ A 3 )
RE— 351 ]o R T MR TH 2SI 7, 07 T4 & AC A5 /P (W a0 i B SR Rl it i 1 15 21 5%)
SMEANEZ TR OMEETR, BIRRATRLLN . F=H A B A 45 F Bl e 3 2L A8 @
BT, 1ERENIEAI NS BATFR R, MR AT AT RA2] [3]. AR TN TR A S
A R FH AN AT AR AR A @ AUS 2 Ry, B REAEAR KAR B b BRIl AT R Hb iR (=
SR FARZ AT E B AL PR B BUE, ML T B EHATIA T, IS T WE 2 3Lk 5
Wb PR s e e i, I3 T b2 45 45 3R (Parking and Ride, P&R)E R . ‘& SLF AT B WK 2 45
TR P&R 15437, T T3 A FASBBIA T 0 TAE : BUR A T W51 8 %) & %4 P&R H
T E R BARAE AN R [4] [5]. HET P&R CA/ER L KIAE RS EIN A, 2015 4 E @I
R B R R 4 P&R AF AR, A5 ZE AR S5 IR T 25 S8l A R A G RI f4z . Bifg
PENE I R R 5190, BE 2017 FIR, O 15 1 P&R 1FE U, (HIZE MR Bk 2RI %
AL G, —Leafels I TAE A e 2kt 0.8 kinfr, @ friahs: A %FEEY
MR L 0.2 RAABL[6]-

N TR EE IR RS E AR, AN P&R BERBHT 170, HETWF R R EE TRy
M — 2T E LS A FEHE H St P&R 1T /7% . Song I He 55 AN JET 2 AN s AHIE (1% W 45 44)
EARH T AN A BANRBCERR], FER A SR RS R ES L AF EA RGP R A S
ACRSS AP B 7]; Aros-Vera I IRA LR RIBAY, (58) Logit B8 % F P HATIERE, WA
SETEHE P&R 15 ZE B Bk 0 R, SEIAT ZE A 1 B KR 28 [8]: Holguin-Veras 4573 il & T 2 1 3k
T3 Gl 380y 72 JER ) R 3R T S5 44, IS O BRI AL, W AC T AR OKAL T AE P&R 753K R 1 P&R 15t £ It ik
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HER 9], —RECA I P&R WA T, MEN SRBE R LB AL A AR BT %8, IX @& AR ST 1) 3 2t
FHNG. EIBESENZEAREEE, MBEE ., (SRR =M@ BT, DRI Ay AL, dr
THTF Logit FEHLIY AT HATIEPEBAL, FH@ it A B AN RS R0 B0 KT, 3 ) S B AL 2 1 20 AN b Ak
AT FRA[10]; Liu A Meng 38 i 78 45 55 S50 I T A0 B e RS TR R IO BEAL P 3 g SR ), 2
SE T GINHRERCSR A B B, 45 FAIE LR G B PR 5 P&R 1A R 2 T LUSEIL RSt A 11]: Gao
Al Sun ZE7E P&R A & 5] N TTAZ 5 I VE AT IR B A5 B C-Logit B2 FINUZ RURIAERY, B 50 T VF AT IEA 4%
i A S AR R [ 12] 6

RECEH AL KT P&R BT A28 E W SRS 7, H H RTEAFE LT = s 6hBE: 1 el T
A AT @I AR IE R E, B ASEASE I RSN . PHPFFREE . A5 B35 RALIE B AR S 22 1 0
FoR— Rt F P EA A R AR TRARAEL, R 2 200 FH P S5 R Pt ER AT SR R IR e s [ B K30 2 B 75
DA/ MG 2 B SR E AR AL H bR, (AR E N AR G e —F &5 TN, A BUR T TAT BE DR A 4
A A F ) s, B2 T ARG B AR 7 b vl Be 243 218 AT I 4518

ARSI T AT BA AR FHAT IR, (FESIEE WA AR WA EEN M. HREETY
FBURFF A FAE R, FE TS AL 7 7 U2 R A 4 AT AT 77 30, AT I IR) DA A5 2245
TFEBAE N N R, A P AT IS RN S E M SRR N BRI A pr A
Xf FEBUZ IINTE B A R A e A, D 58 35 5308 RGBT RN S EBOR SR A3 Sl

2. IRRIEST
2.1. EREERESHINAA

BIEA R ABM AT LB IHTERER X O 5 TR D XSl R4, Wl 1 . REHAEM
MAFE DRI —RIFEGZER (R PE D A ER T OIME (1545 2), iz
ERAER; CRBAZ AT QN T HERAIISEK MM, ERMLIZE N P&R EES(IEE
1), FRALHEE AR .

WA NRERESE SR RN O RS D B, LML 7 ks —ReMHEaE, &
TAEHPE T 43 2 A5 % —RGH O FERIMIUL, RS RIE S 1 5 R A RIE
TARM . PIAME S 1 AL B BRI I BEDE R RS IR K AT FoR e ASCHE B LR A E 4237
MM EIES, 9 7RI T, WS B AT HIEI AT 30 FAMBUE RS AT B = R, ANH
AT BAT AN A 0 AT U E A AT IR S T

|
41 :
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Figure 1. A one-to-one bi-modal transportation system
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B RGP AW EHATE . IR AN (Group w)FT WA ANH(Group b), FTH HATEHHSEH M
MR AR A £ o & o, RN | RHBATE W RAAT I M SA; 6 RAZENERE(O >0): B A
¥, o3 AR SR IR ARG B ST G R H(B <a, <7,), 26, =B7/(B +7). B Cohen [13]#0
Arnott ZE[14]IBFFL, ASUESE Group w HAT AR S AN TR B ELEE R T I AR IS TR RIRT A ST H L
ECHR 20 BE s[RI AR EE T 25 K8 N AR SRR 5% A, e B8l 5 A AR 0 BRI AT I ) AR SRR . Bk B, &%
SR B R RN A (D PR
Yo -7 _
B, B
6,>6, (1)
a,/6,>a,/o,

WRG P RAHATH RN N, Group w Al Group b IR ANKUNHIA N, FIN, o BEWHFEHAT & ik 4
FEAZ NS W NS RN, kR P&R AT ANELS N N RN, . WIAFTE N2+ N =N",
NI +N =N", N'+N" =N . BERGHEBIILES B H s 1 iR,

a,>a,, B,<pB,, n

Table 1. List of other notations involved in the model

F 1. REPPREOE SR

SHIH SRS BHEX
Dis Ps 1Y | AiEEY 2 K AREMEER, Kb p <p,
2 R N N P,
€6, 5 1 TS 435 2 BAMEEMPPEE A, HH e <p,c, <p,,q<c,
F AZIEE W AR T TH., R %)
RAIEEMA . ARIB T WA RA (S % %, IR, dE R,
FRSK A28 22 (IR 5
v, INRZERIAZ TR (0 B AT FE, Forf v, >,
L MO B 1R
AN AT A (B / MBI E] D [ &5
FURHATHI PAR A7) P(x) TRALHES x Kl AL
T {22 5 e T e 1]
s AL 31T e )

2.2. FEZBEENALBIF
wWmEs 1 BEHTR, HEWSEe AT, MEREERKEN B E KM E Sz, b4k Pk
AR OAZ I T 2, Al Q MK EHE P&R 15 EGHHF E R AL RN, . AR
) alFoR TP FR AN AZ @ sE AN AL B A5«
max TR, = p,N" —¢,N (2)
max TR, =(p, +P()-a)N" —¢N-F 3)
BUF TR, BUMF A S U], 5 S i B AR s 2R & 7 T — 2, AL
HirAE N AR(@), Hrh MC! F1 MC! 43 5IF R 28 AT & AT B 20 P&R I AT HAT SUsiA .
max TR = p,N* +(p, + P(I))N" =aN" = " [ N/ (MC! )+ N] (MC] ) |~(c, + ¢, )N - F 4)

i=w,b
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23. TRIZBHTT XiHiT8RA
23.1. EEEHITER
TR AEAT RE A IR, 2 B 2 AT F AT AT REARAE 1 B2 I () B TAE . & — AT
A EEAE AL A HEBAAE IR 2 Y L 30 s ) (0 5 571 3% FHAFEAS 2237 2 A5 20 B 1 L IR OBUA , e i
EE Rz S AT I G) PR
G (1) =T (t)+ B max{0,6" —t =T (¢)} +y,max {0,¢+T(¢) £} + p,, i=wb (5)

e T(0) Fon/ NGNS R B 223 B S AT BRI 8], 6045 B T I A7 I [ AR 250 4 P HE BA 55 A5 I 16D
BT ()= (L+1)/v,+D(t)/s s 5B _IURIEE =T040 MFIR ¢ I ZI B NRATAE 1 A7 2000 I F) F ) sl e 1) 485
TP AT D AT 45k

2.3.2. P&R HiT#H

HATH BB RS 2, IFEd 6 A BE TR, AT SRR AFKHE
B3k D aAe I T B . AN R A RA RS 1 2o A . HRIA Ay
C,T(l):ai[£+L+Tj+9iNT+P(1)+pl, i=wb (6)

I ViV

Horp AT AEBE EFE O 1 A2 a8 I (R4 DL vy (R0 B2 725 25 DS R AT Bk B30 Ak ) IRF 1] L 45 22 48 3fe 1) (1]
T FICA v, [ FE T A A A8 MR SIAL 2IA D AL ] o
3. AREITHERESS
3.1. ABIZEHITRA S

B R G AT TP A (5 BRI L, B B R 3505 . 2438
FIBOIRZSHS, B0 AT AR ol R e B 7 T %% e AT I %1 B A8l O SR b B O AT RROA .
K 2 RAREE LR P HRAT AR WK 2 Fox, %5 R 3| R AL IR B[R] BCA R4 T B[R] AR ) AT
FAIEZ M, Group b 2316 FE7E F sy 0 1 H B I () B HE AT, Group w U BE S B IR B AE I 1/ B v Vg T UR B sh
AP T B AT oy, Ry, 23 IR SR | BB h BB H A E RS, n =as/(a-8B)
5, =al.s/(ai +7/i) °

BFBIA L 7 AR

10 tl 2 t5 t6 t 3 4 B

Figure 2. The auto commuting equilibrium traffic pattern
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HuF AT & S B A ], Group w Al Group b HI A4 HEAT S8 A 0] 43 il R s A =

5 N4 L+1
McH =2 g 2T, 7)
s v

A A
@AG-+zi§MW”+abL+l+p2 ®)
s a, S v,

w

15 ZE AT 1) N3 S A W] 7R 9 = (9) H1(10)

MC} =

MszaWL£+iAJ}+QAﬂ+PU)+M )
i Y
T _ L 1 T
MC, =a,| —+—+T [+6,N" +P(I)+ p, (10)
i Y,

3.2. XBHTEAASHE

R AT AT M IUR T AT J7 30 A NI TR (E AN G0 i) 22 08 2 T (R A5 2 R A A58 3 42
FIEIEPIRETS, BAR EIAEAE O Ml RERIASE ATAL S, Wik 2 .

Table 2. Nine possible traffic patterns
=2 AMTRERRZELITES

HS ZEHTRE %45 REMATH R
B N!=N,N/=N,
| TR AT AR e T MC; <MC;, MC}' <MC;, o
N =0, N"=N
N'+ N} =N"*
2 PR AT E X R A P&R HA k% MC!=MC;, MC}' = MC] N +N;=N"
N!,N/,N,N; >0
3 Groupw JE#AFE A, Group b MPNFHIAT I RAAT LS MC! <MC], MC] = MC] NI!=N,, N/ =N'
N N 4 T A T N::NW:NA
4 Group w Ak #FE 2%, Group b R ik#F P&R MC; <MC,, MC] > MC, : .
N'=N,=N'
5 Group w X P F# 4T 7 AR 148, Group b Hik#F P&R MC; =MC;, MC;' > MC, N;=N"', N/ =N,
6 Group w X Pl AT 7 AR AT i 4%, Group b HUk#FE&MEE  MC! =MC], MC;' <MC] Ny =N",N/=N,
7 Group w Hi%E#$E P&R, Group b Xf Fifl 4T 77 2N % MC; >MC;, MC;' = MC, N =N, N'=N*
NA :N — NA
8 Group w Hi%E#E P&R, Group b HiE# 422 MC[>MC,, MC < MC; NhT =Nb =N

N, =N,N; =N,

S, s V- T T
9 P AT #0 ik £ P&R MC!>MC;, MC,' > MC, N'—0 N =N

ZHRF 2 HSEUIUE TG B, Bl doo S B e % AR T P&R A5 42375 [R5 fE Al
T ARAE B B R 2 1 B RO A BRI ASEC SR R, SR P I AT R BRI IR 9 A
ITHRIF AT LT R, GIPRES) @) @)F9). REQ)MAE E=E R g A S, BUFtRK
WIEETEILSL SR BUIRAS (2), RIS HAT 26 PRl A7 77 QA e B o DRI T T A 2L o A 491 4 b
L, JRATTKE EROR B R AT I RS AT TR
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WRIEAE HATH A QRIE L, BA R B BRI 1907 X 845 5L

aws[l—l+Tj+(P(l)+p1 —py)s+0,sN

11
o, +s0, (1

oN—-a,s L—L+T —(P(l)+p -p )s
NT = , M b

12
o, +s0, (12)

4. ZEEMRIEAU 4

BT B EmAeREQMIATIRA, X 55 E s S AMEUFE R AR 235000 Al P ATl
Q MY B MG HEAT AR o X BUREE I U 1R 2 — D XUR SR IgE, EREHEFRMIH, |
JRHATERERBEE N2 AT E RS b2 B8 AT A% B AT RS B NS B AT T e T R R
0 H bR RO M N AT AR, RS [ H b e B0 SRR 28 AR A . %I R
JZ v BT DA A D 9 288 AT 3 068 RTS8 5 AR I B (K P 38, 1 = D mT DA A6 B R 1) it
RIZIR,  ANTIRE XUZ AR i R A D i ek 240 SR ) B 2 R e R 161

4.1. Ik P Faddk Q FFERA(BHESRIER)
Mk P FREEETY 2 WE AHNE R UMRER 8 B FiEE AL, Bl Q HFERNZRARTENH
1 P&R =538 LS B A S5 i KAk, PIFALR B b s B0 5n 24 A3 FAD) AT s

() s+p, {aws(l_Z+T)+(P(Z)+pl)s+6’wsN}

V M

max TR, = -c,N 13
r 5, +56, : (13)
2 [ 1
—(P(l)—i—pl) s+(P(l)+p]) o,N-a s| ———+T |+ p,s+as
v, v
maxTRQ: 2 !
o, +s0,
(14)
oN-a,s (Z—l+ Tj+p2s
, Y
—la +oN+F
o, +s0,

X (13)RFRENT 437 2 R 4 dE i A KAS)FoR, WAk dlk Poxt il Q HI 4% K S i
A FEL, XWARXADKT P(1)+p KB @8, BEldE Q Xl P ks RS H,  Wisl(16)

PR
I 1
P(l)+p +a,|———+T |[+6,N

V. V,

P = o (15)
o,N

P(l)+p1=l[ . —aw[i—L+T]+p2+a} (16)

2| s v, W

FESEF LT, WM, 58 AE SRR K K, A 1€ i kS22
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XX T E A SRS SN, BISER “oNHEIHE 7 o BRALTTRR(15)M(16), 152921 509

p2:26’wN+l 5W—N+a—aw L—L+T 17
3 30 s v, v

P(l)+pl=l ON-a, L—L+T +E[M+aj (18)
3 v, W 30 s

4.2. #2FWER & A BUFTIER)
PEAE A e KA R G i ad Fe A s MEAE 2 i eAs, WIBURF B DAL B H A bk i 22 s0(19) T«

A A A
— NA[ o L+l] [5N a, 5Ny | L+l]
s v
+NT{ (—+—+Tj+0NT}+NT|:ab[L+L+T]+HbNT} (19)
v, vV,

+aN" +F +(c,+¢,)N

AP S — T 2 FE 2 2 0 AT EURA, 58 I P&R AT A, 58 =T A AS RS B 3738 5 1) 2 K
Ao G AR, HARERE(19) AT AR IR T

wolw

min7C =(a,,N, +a,N, )(£+L+TJ+NT(9WNW+¢9bNb)

ioo" (20)
+(N—NT)(P(I)+p1 —py)+aN" +F +(c,+¢,)N
SR A1) P RQOV KT P(1)+ p, — p, FEREL  HIERAFQ20) 1 —Br R 2 A
a—{Nb(Qw—Hb)ﬂ-aw[Z—Z+TH
Vo, Y
P()+p—p, = : @1
FE G S A0 A A A2l 77 =i 2 LA SR
as+Nbs(9w+o9b)+aws(l—l+Tj+26’wsNW
4 _ V, Y
M= 2(8, +56,) 22)
26N -« S(I—Z+Tj—as+N s(6,-6,)
NT = Va2 M 23)
o, +s0,
H=(22)F(23) T 51, BUR RSB S i IR B A s i 38 7 IR B e as 1, Raigmitt o
SURAR KN
5. o4

ARFE F— AN SRR AT T A S5 3R, o a4 s — 2B b . 1 Jeilid AR Bl 45 4 e Tfe s [ A
JRETAL HEAT RE ST, R TR0 2 BK P T 2R G A AR O 200 s d s 8 9 S H AT 8 1) 237
FEAIER T Al 50 4 W (RS A 5 BUR B SRR 2 (R 1 22 e A8 k. BN S B R . R AT
FRBA N =10000, 138 AT 0 B 1AL 2 H (78 /min) 3 5K (e, B, 7,,.6, ) =(1.2,0.5,1.5,0.02) F
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(2.8,.7,.6,)=(0.8,0.6,1.8,0.01) . FEBEZHNI=10km, L=30km, s=70%/min, 7=10min . B
Z 4N v =05km/min , v, =033km/min . FEH M AKL A FIZEESHN o =1T/IEEM
¢, =5/ ENL, F=050, a=0570/ A\ -
5.1. FEBIRREFBITRRNEN

BRI HAT & P 7 LEGIAH A, S8ATARES) s 60 4/min AL E] 80 4F/min, = ZEHIeSHT (0] T h 8
BHAACE] 12 Bk 18] 3~6 RIS TANFEIEATRES ) s T, AE IR 18] T A2 XTI S Al E B S
B EFFIE10° T0) RGN0 T0)H1 P&R HATZH-E L] (%) IR -

>

& parking_price sl

5 146 A1 - :

= parking_price s2

£ 144 parking_price s3

A

g 142

=2

s

a
140 1 T T T T T 1 T 1

8.0 85 9.0 9.5 10.0 105 11.0 11.5 12.0

103 P&R Transfer Tim

J === transit price sl
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85 T T T T T T T T
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

P&R Transfer Time

Transit Price Strategy
O
w

Figure 3. The prices of company p and company Q versus 7 with different s

B 3. TEHBITRES] s T abul R MR SRRHIT Z sk P B RS R A ZE 1L

960
S 950 A o mme===oIl
W - : ------
B ww===Zllo=z=CS .
%D 940 A mmmm===TI o= ==z === TR parking sl
@ | ZZ======% .
g 1 === TR parking s2
£ 930 )
A TR parking s3
920 T T T T T T T T T
8.0 85 9.0 9.5 100 105 11.0 11.5 12.0
325 === —
= e - === TR transit sl
s | T - _
E 300 - === TR transit s2
g ________________________ TR transit s3
50259 ___ T e,
250 1
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P&R Transfer Time

Figure 4. The net profit of company p and company Q versus 7 with different s
B 4. TREIBITRES s TSRS 2RI F R E R L
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© 1200 -
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Figure 5. The total social cost versus 7 with different s
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Figure 6. The percentage of P&R versus 7 with different s
Bl 6. TFIBITRES] s B P&R BT IBELGIREIT 2 #5R PR FESIEIHY L

HiP 3 ATUAE H, B RSTE BOBAT RE 3R M, DA BB AT AL, HtEEgeEmm s
A28 W) AR E L FEARUC B, A% 1 R G EORT IR R 2, SE BRI 0008 2 T 6 Ju/e . R W TEATRES)
Ffe PR T AT H SRS ER D NEAT A, RLRLWIIEZ AT EERFELEAS, ARG
AIEFERNE AR E N M8 2 P ke 55— 5, 15 R4 et 8] (o oy 28 oo lk i A% S S50
W RBARRE, EN R KL A | Tt S5EE 4 B ERER A B — 2 e 2], TEHGEAT
RE IR e 8 75 0 X Ao lk A i BRA, A 522 m) BERAR MR BRI 25,000 T8, (BT 4237038 78 i 4 AR AL
/s AR TR Y NG A5 R AR B o, B 2 NI B AT, WA QA FRIEFIL,
15 22312 8 T BRI S T A P DRI A58 24 ) BB i P&R BEME AR 1, IR R & R AT
& AT B IR .

5 WIZERERY, A2 B RARHE A et [ AR A I AU, DA R B X ATRER TR
{5 22 et RGN AE A AR R B0 N AT BB &, (HIE 2 N 278 B 2 U A S0 B A2 5]
JEAFEAG, WRAEZNA PR S8k, EATREIIR AT BT A & B A B AR XA AR T A
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AT A LU A 32388 B AR B FROAS AR A 5%
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