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This paper chooses car travel and bus travel as the research objects, establishes a dual-mode equilibrium model based on the
bottleneck model, and compares the travel characteristics of the no-toll and fine-toll schemes. We find that the fine-toll scheme
can eliminate the queuing time at the bottleneck, but it also increases the congestion risk cost of bus travel. In order to eliminate
the queuing time at the bottleneck and reduce the congestion risk cost of bus travel without increasing the car travel cost and bus
travel cost, we propose an optimization scheme of fine toll and bus departure quantity and analyze its travel characteristics
theoretically. Through the numerical example, we calculate and analyze the equilibrium results of no-toll scheme, fine-toll scheme,
and optimization scheme of fine toll and bus departure quantity. The results indicate that the optimization scheme of fine toll and
bus departure quantity can help travelers to choose a reasonable travel mode and travel time to travel in the rush hour.

1. Introduction

It is a worldwide management problem to change the
phenomenon of traffic congestion in the rush hour. Espe-
cially in the central area of the city, a large number of
commuting individuals gather together to form a com-
muting bottleneck. Vickrey [1] first proposed a bottleneck
model to describe commuting behavior in the rush hour.
According to the delay penalty and queuing time, travelers
determine the departure time to minimize the travel cost in
this model. Moreover, all individuals have the same travel
cost in equilibrium. The bottleneck model can clearly reveal
the formation and dissipation process of traffic congestion.
On this basis, many researchers have carried out the research
of commuting bottleneck management (e.g., Xiao et al. [2],
Chen et al. [3], Khan and Amin [4], Guo and Sun [5], and
Zhu et al. [6]). Li et al. [7] pointed out that the research on
the bottleneck model in the past 50 years mainly focuses on
travel behavior analysis, demand-side strategies, supply-side
strategies, and joint strategies of demand and supply sides.
The purpose of travel behavior analysis is to reveal the nature

of congestion dynamics at the bottleneck. Relevant
achievements include considerations of other travel choice
dimensions (e.g., Kim [8] and Zhang et al. [9]), time-varying
scheduling preferences (e.g., Abegaz et al. [10]), and vehicle
physical length in queue and hypercongestion (e.g., Lamotte
and Geroliminis [11]). The purpose of demand-side strat-
egies is to reduce travel demand or redistribute the demand
in space and time at the bottleneck. Relevant achievements
include congestion pricing (e.g., Fosgerau and Van Dender
[12]), emission pricing (e.g., Bulteau [13]), and public transit
services (e.g., de Palma et al. [14]). The purpose of supply-
side strategies is to determine the optimal capacity or service
level of infrastructure elements. Relevant achievements in-
clude bottleneck capacity allocation (e.g., Lamotte et al. [15])
and capacity design (e.g., Qian et al. [16]). The joint strategies
are the hybrid of demand-side and supply-side strategies.
From the perspective of the travel mode, the current
research on commuting bottleneck management based on
the bottleneck model mainly focuses on single-mode bot-
tleneck management and multimode bottleneck manage-
ment. We have summarized some research results of
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commuting bottleneck management in Table 1. The single-
mode bottleneck management based on the bottleneck
model mostly regards car as the research object and guides
some travelers to change their departure time by some
strategies, so as to eliminate the queuing time at the com-
muting bottleneck. Xiao and Huang [27] pointed out that the
single-step coarse toll can advance or postpone the earliest
departure time and proved that their proposed piecewise
time-varying toll can effectively reduce or eliminate the
queues behind the bottleneck. Li et al. [28] presented the step
tolling models with homogeneous and heterogeneous
preferences and analyzed the optimal step toll schemes with
constant and linear time-varying marginal activity utilities.
Miralinaghi et al. [29] investigated the impact of a tradable
credit scheme on managing morning commute congestion
and proved that if commuters are equally sensitive to gain
and loss, the credit allocation method does not affect the
equilibrium departure rate and credit price. Wang et al. [30]
proved that the total travel cost can be effectively reduced by
properly allocating the capacity of high-occupancy vehicle
lane and derived the optimal capacity of high-occupancy
vehicle lane for minimizing the system total cost. Yu et al.
[31] investigated the effect of carpooling with heterogeneous
users in the bottleneck model and pointed out that if drivers
choose carpooling, road capacity will be released, and this
will reduce road congestion. Zhong et al. [32] believed that
the high-occupancy vehicle lane can promote carpooling
and the high-occupancy toll lane can bring additional
welfare gains with a modest level of toll.

The multimode bottleneck management based on the
bottleneck model generally takes car and public transport as
the research object and guides some car travelers to take
high-capacity public transport. Mirabel and Reymond [33]
pointed out that the toll policy will be more efficient as long
as the toll revenue is directed towards public transport when
the railroad fare is equal to the average cost. Tian et al. [34]
proposed a tradable credit scheme for managing bottleneck
congestion and modal split and analyzed the efficiency of the
tradable travel credit scheme in the highway and transit
network. Li and Zhang [35] proved the critical condition for
some passengers’ transfer from one mode to another with
congestion charging schemes and analyzed the impact of
congestion charging schemes with or without internalizing
the bus-related congestion externalities on the bottleneck
system. At present, most of the research studies on the
multimode bottleneck management based on the bottleneck
model relax the interaction between car travel and public
transport travel and the constraints of public transport
capacity. In reality, some travelers may not be able to take the
first public transport due to the difference between the limit
of public transport capacity and the arrival rate of travelers,
but can only wait for the next public transport. At this time,
all waiting travelers need to bear the congestion risk cost of
public transport.

Lin and Yang [36] assumed that the car and bus travel on
the same bottleneck road and the transportation capacity of
bus is limited, proposed a travel-mode equilibrium model
under the condition of mixed traffic, and pointed out that
the fine-toll scheme can eliminate the queuing time, but
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greatly increase the congestion risk cost of bus travel.
Aiming at this problem, we try to guide some car travelers to
choose bus travel by the fine toll and reduce the congestion
risk cost of bus travel by optimizing the bus departure
quantity. However, the fine toll can eliminate the queuing
time of car and bus travel and also can guide some car
travelers to travel by bus, but it will increase the congestion
risk cost of bus travel. Increasing the bus departure quantity
may extend the length of the rush hour and increase the car
travel cost on the bottleneck road. Therefore, the key to the
optimization scheme design of fine toll and bus departure
quantity is how to ensure that it cannot only eliminate the
queuing time of car and bus travel but also reduce the
congestion risk cost of bus travel without increasing the
travel cost of travelers.

In order to design the optimization scheme of fine toll
and bus departure quantity, we take car and bus travel as the
research objects and establish a dual-mode equilibrium
model based on the bottleneck model in Section 2. Section 3
analyzes the travel characteristics of the no-toll and fine-toll
schemes. Section 4 designs and analyzes the optimization
scheme of fine-toll and bus departure quantity. In Section 5,
a numerical example is presented to validate the theoretical
results. Finally, conclusions are given in Section 6.

2. Dual-Mode Equilibrium Model

To analyze the influence of fine toll and bus departure
quantity on travelers’ travel mode choice at the bottleneck,
we suppose that there is a bottleneck road with limited
capacity at the entrance of living area O to work area D, the
maximum capacity of the bottleneck road is s, the bus
departure quantity on the bottleneck road is f, the max-
imum passenger capacity of the unit bus is d, and travelers
are completely rational, have complete traffic information,
and can only choose to travel by car or bus on the bottleneck
road. Suppose that the travel time for an individual who
leaves living area O at time ¢ is T'(¢), the free-flow travel time
from living area O to work area D is T, the queuing time
from living area O to work area D at time t is T, (t),
T(t)=T;+T,(1), the departure time at which an indi-
vidual arrives at work area D at time t* is ¢,
to+Ty+T, () =1", the car departure time at which the
queue begins is t,,, the car departure time at which the queue
ends is t,;, the bus departure time at which the queue begins
is t,,, the bus departure time at which the queue ends is t,;,
the congestion risk cost of bus travel at time ¢ is R(t), the bus
ticket price is p, the unit cost of car travel time is «;, the unit
cost of bus travel time is «,, the unit cost of an early arrival is
B, the unit cost of a late arrival is y, y > a; > &, > 3, ¢ and O are
the weight coeflicient, the number of travelers departing
from living area O to work area D every morning is N, the
number of travelers who choose to go to work area D by car
is N, the number of travelers who choose to go to work area
D by bus is N,, and all travelers expect to arrive at work area
D at time t*.

Considering that the fuel cost is related to travel time, we
convert it into the travel time T. Based on this, we suppose
that the car travel cost C, is the weighted sum of free-flow
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TaBLE 1: Some research results of commuting bottleneck management.

Type of travel

Literatures Decision variable Target

mode
Ge et al. [17] Single mode Toll Minimum generalized cost
Lindsey et al. [18] Single mode Step toll Toll levels and tolling periods optimal
Laih [19] Single mode Step toll Eliminate queuing time
l[\glz)r]almaghl and Pecta Single mode Tradable credit Minimize emissions

Ma and Zhang [21]
Liu and Li [22]

Single mode parking charge

Single mode Toll

Xiao et al. [23] Multimode Tradable parking permit
Chen et al. [24] Multimode Vehicle lane

Seilabi et al. [25] Multimode Tradable credit
Holguin-Veras and .

Cetin [26] Multimode Toll

This paper Multimode Fine toll and bus departure

quantity

Ridesharing payment and

Eliminate queuing time

System optimal
System optimal
Minimize social cost
Minimize total travel time

Maximize collective welfare

Eliminate queuing time and reduce congestion risk cost
without increasing travel cost

travel time, queuing time, and delay time of early or late
arrival. This can be expressed as

Gt = { aT()+p(t" =T(t)—t), Vte [tity]

vt € (ty, ty]-
(1)

We define the bus travel cost C, as the weighted sum of
walking time, waiting time, free-flow travel time, queuing
time, delay time of early or late arrival, congestion risk cost,
bus ticket price, and discomfort cost caused by physical
contact. Assume that the walking time is constant, we
convert it into the bus ticket price p. The waiting time is only
the time to wait for the first bus to arrive. The waiting time
for the next bus caused by the congestion in the first bus is
represented by the congestion risk cost. As the bus timetable
is known, travelers will reduce their waiting time as much as
possible. For this reason, we assume that the waiting time is
equal to zero. Meanwhile, if travelers choose to travel in the
rush hour, they have fully considered that the bus is crowded
with a large number of passengers. For this reason, we as-
sume that the discomfort cost caused by physical contact is
constant and convert it into the bus ticket price p. Based on
these assumptions, the bus travel cost C, can be expressed as

C.(t) = o, T(E)+B(" =T ) -t)+¢R() + p,
2T T +y(t -t +T(1) +OR(E) + p,

aT)+y(t -t +T(1)),

Vt € [ty o],
vt € (toty]-
(2)

In order to reduce individual travel cost, travelers choose
departure time by weighing travel time and delay cost. For
car travelers, there are not queues at time t,, and t,;, and the
queuing time T, (t,,) = T, (t;;) = 0. When no traveler can
reduce the travel cost by changing the departure time, the
traffic flow on the road reaches equilibrium. At equilibrium,
all travelers have the same travel cost. It can be expressed as

Ci(te) =Ci(ty) =Ty +/3(t* -Ty- tIE)

) 3)
=o T+ y(tu -t + Tf).

Since cars and buses run on the same route, the length of
the rush hour is affected by both individual car travelers and
individual bus travelers. Hence, the length of the rush hour
on the car travel route can be expressed as

N, +A(t;; -t
tll —t, = 1t ( ;l le)f()' (4)
Evidently,
N
tll - tle = —1 > (5)
s=Af,

where A represents the conversion coeflicient between a bus
and an equivalent car.

When the car travel reaches equilibrium, we can obtain
the car travel cost C,, the car departure time ¢,, at which the
queue begins, and the car departure time t,; at which the
queue ends by formulas (1), (3), and (5). It can be expressed
as

Clz“leUnyys-Nifo’ (6)
t=t" _Tf_ﬁs—N—/\lfo’ (7)
tll:t*—Tf+[%S_N)if0, (®)
t0=t*—Tf—ﬁ7y N, (9)

a (B+y)s—Afy

For bus travelers at time t,, and t,;, they do not queue up,
their queuing time T, (t,,) =T, (t,;) = 0, and the conges-
tion risk cost R(t,,) = R(t,;) = 0, but the delay cost of early
or late arrival is higher. For bus travelers between time t,,
and t,;, their delay cost of early or late arrival is decreased,
but their queuing time and congestion risk cost are increased
as congestion. When the equilibrium is reached, the bus
travel cost is equal at all times. It can be expressed as



Cy(tye) = Cy(ty) = 0, T +ﬂ(t* -T;- tZe) t+p (10
10

= (Xsz +V(t21 - t* + Tf) +p.

Since the bus passenger capacity is limited, we have
b — by =2 (11)
2 "t T
‘ fod

When the bus travel reaches equilibrium, we can obtain
the bus travel cost C,, the bus departure time ¢,, at which the
queue begins, and the bus departure time ¢,; at which the
rush hour queue ends by formulas (10) and (11). It can be
expressed as

N
CZ:aZTf+p+/%f—OZ, (12)

_ror._ Y N
o=t Ty g2 (13)

* N
tZI:t _Tf+/5%))f7i‘l (14)

3. Travel Characteristics under No Toll and
Fine Toll

3.1. Travel Characteristics under No Toll. If there is no one
traveler who can change his travel mode or departure
time to reduce travel cost, the road traffic flow reaches the
equilibrium state. At this time, the car travel cost is equal
to the bus travel cost, that is, C; = C,. Hence, we can
obtain the travel distribution of the car and bus by
formulas (6) and (12) at equilibrium. It can be expressed
as

__S=Af,
sed-Mf,

d
w2 giw)("‘le‘“sz—P) )

N,=N-N,.
(15)

The system total travel cost SC can be expressed as

_ By N,
SC_<a1Tf+,8+ys—Af0)N' (16)

Since cars and buses share the same route at the bot-
tleneck, they have to bear the same queuing time when they
start at the same time. According to formulas (1), (6), and
(7), the queuing time T, (t) can be written as
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(0, Yt € [ticl
P B (t=t1), Vte (tity),
061 -
T, (t) =1 (17)
sy 0 Ve (ot
0, Vit € (ty, 1]

Using formulas (2), (12)-(14), and (17), the congestion
risk cost R(t) of bus travel can be expressed as

g (t—t5)s Vt € [t tr,)s

Blay—a) . B, Pl -P)

bl ) 6 g e T (et
R(t) =

v, Y(m+y) yle-a)

Etzl_e(aj_'_y)‘ll_ 0(0(1+}/2) t, vt € (tO’tll]’

g (tzl - t)> Vt € (tll’tzl)‘

(18)

3.2. Travel Characteristics under Fine Toll. The fine-toll
scheme is a dynamic charging strategy, which is actually
collecting the road usage toll converted by queuing time
from car travelers and achieving the social optimal state by
changing the time distribution of car travel. The fine toll 7
can be written as follows (Arnott et al. [37]):

By N . *
S B T, e [nor T
n(t) =
N . )
ﬁ/iryys_,\lfo_?(t—t +Tf), Vte(t _Tf’tll]-

(19)

Since the fine-toll scheme does not increase the car travel
cost, the demand distribution of car travel and bus travel
under the fine-toll scheme is the same as that of the no-toll
scheme. In addition, the system total travel cost SC under the

fine-toll scheme can be written as
By N, )
SC=|a,T,+ N. (20)
< Y By s=Af,

The fine-toll scheme eliminates the queuing time of car
and bus travel on the road (T, (¢) = 0), but the congestion
risk cost of bus travel is different from that of the no-toll
scheme. According to formulas (2) and (12)-(14), the
congestion risk cost R(t) of bus travel can be expressed as
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g(t—tk), Vt€ [ty t” =T,

R(t) = (21)

g (ty—t), Vte(t' -T,ty.

4. Optimization Scheme of Fine Toll and Bus
Departure Quantity

Comparing formulas (18) and (21), it is not difficult to find
that the fine-toll scheme increases the congestion risk cost of
bus travel from t,, to t,;. To overcome this problem, this
section attempts to find an optimization scheme of fine toll
and bus departure quantity, which cannot only eliminate the
queuing time of car and bus travel on the road but also
reduce the congestion risk cost of bus travel without in-
creasing the travel cost of travelers.

4.1. Scheme Formulation. In the whole rush hour, the bot-
tleneck road is operating at full capacity; then, the total cost
TC, of car travel can be expressed as

TC, = Jt” (s = Afy)C, (1)dt. (22)

By substituting formula (1) into formula (22), we can
obtain the total cost TC, of car travel under the no-toll
scheme when the queuing time T',, (t) = 0. It can be written
as

TC, = JZ*_T’ (s=Afo) Ty +B(t - Ty —t)]dt

ty .
+jﬁ4}@—LmMmTf+ﬂt—t+T}H&

By N
2(B+y) s—Afy

= (XleNl +
(23)

According to formula (23), we can obtain the average car
travel cost C; under the no-toll scheme when the queuing
time T, (t) = 0. It can be expressed as

T N
= & = (Xle + ﬁy ! .
Ny 2(B+y) s=Afo

Suppose that the bus departure quantity is f (f, > f;)

and the fine toll is 7' (£) under the optimization scheme of

fine toll and bus departure quantity. Then, formula (1) can be
rewritten as

o T+ B(t =Tp—t)+a' (1), Vtel[t)t'-Tf],
) =
1 aTp+y(t—t"+T;)+m' (1), Ve (t' -Tpt,).

o

(24)

(25)

For car travelers at time ¢, and ¢}, they do not have to
pay a fine toll, that is, 7' (t;;) = 7’ (t;;) = 0. Referring to the

solution steps under the no-toll scheme, it is not difficult to
get the car travel cost C; and the bus travel cost C, at
equilibrium. It can be expressed as

Nl
Clear,+ PV N1 26
A PR 20
N/
Co=a,T;+p+ Pr Ny (27)

B+y fod

where N represents the number of travelers who choose to
go to work area D by car and N, is the number of travelers
who choose to go to work area D by bus. According to
formulas (26) and (27), we have

i S—Afy _Sod(B+y) _ _
Ys+d- M, N By (Tj - aTr = p) |

N;=N-Nj,.
(28)

In order to ensure that the optimization scheme of fine
toll and bus departure quantity does not increase the travel
cost of travelers, we suppose that C| = C,. According to
formulas (24) and (26), we know

Ny N;

LN : (29)
2s=Afy s—-Af,

According to formulas (15), (28), and (29), we have
_ [s+2fo(d=N]ByN +sfod(B+y)(o,T; - ayTs - p)
" (d-NPyN +d[25+ fo(d- D] (B+y) (T - T, ~ p)
(30)

According to formulas (25), (26), and (29), we have

By N,
2(B+y) s—Af,
' (t) =

—p(t'-Tp—t), Vte[t,t'-T;]

By N,
2(B+y) s—Af,

—y(t-t"+Tf), Vte(t' =Tty

(31)

4.2. Travel Characteristics’ Analysis. From the scheme for-
mulation in the previous section, we can know that the
optimization scheme of fine toll and bus departure quantity
eliminates the queuing time of car and bus travel on the road
and also changes the demand distribution of car and bus
travel. Next, we will analyze these travel characteristics of
this proposed scheme including the length of the rush hour,
congestion risk cost, and system total travel cost.

4.2.1. The Length of the Rush Hour. Referring to the solution
steps of the car departure time at which the queue begins and
ends under the no-toll scheme, it is not difficult to get the car
departure time t;, at which the queue begins, the car de-
parture time #}; at which the queue ends, the bus departure



time t5, at which the queue begins, and the bus departure
time ¢,; at which the queue ends. It can be expressed as

. y N
thy=t" -T,——— ,
¢ I B+ys—Af,
(32)
[ ﬁ Nll
ty=t _Tf+/5—+ys—)tfb’
. y N,
th =t -T;——"— —%
’ !Bty fud )
ty=t" R
27 T TRy fd

According to formula (28), we can know that N < N,.In
addition, since f,> f,, then N{/s—Af,<N,/s—Af,.
Comparing formulas (7), (8), and (32), we can know that
ti. >t and £}, <ty, that is, £}, — t], <t — t,,.

Moreover, according to formulas (6), (12), (26), (27), and
(29), we have

By N, _ By &
ale+/37+)/S—)tf0_asz+P+/3+yfod’ (34)
By N, By N,

_PY - Y T (35
WG s-afy 2 P ey fa Y

By substracting formula (35) from formula (34), we have

!
Ny < & (36)
fod  fod

Comparing formulas (13), (14), and (33), we can know
that t, > t,, and £ <t,), that is, t, — t), <ty — ty,.

To sum up, it can be seen that the optimization scheme of
fine toll and bus departure quantity reduces the length of the
rush hour on the bottleneck road. This shows that the op-
timization scheme of fine toll and bus departure quantity can
change the travel time distribution of car travelers and bus
travelers.

4.2.2. Congestion Risk Cost. Referring to the solution steps of
the congestion risk cost under the no-toll scheme, the
congestion risk cost R’ of bus travel can be expressed as

g (t=ty), Vte[tht =T/],
R (t) = (37)

g (y—t), Vte(t'—Tqty|

Comparing formulas (21) and (37), we can know that the
congestion risk cost of bus travel under the optimization
scheme of fine toll and bus departure quantity is smaller than
that of the fine-toll scheme. This also reflects that appro-
priately increasing the bus departure quantity in the rush
hour can effectively reduce the congestion risk cost of bus
travel.
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4.2.3. System Total Travel Cost. According to formulas (26)
and (29), the system total travel cost SC' under the opti-
mization scheme of fine toll and bus departure quantity can
be written as

r By N,
SC _(ale+2(ﬁ+Y)S—Afo)N' (38)

Comparing formulas (16), (20), and (38), we can find
that the system total travel cost under the optimization
scheme of fine toll and bus departure quantity is smaller than
that of the fine-toll scheme and the no-toll scheme. This also
reflects that the optimization scheme of fine toll and bus
departure quantity can help travelers to choose a reasonable
travel mode and travel time to travel in the rush hour.

5. Numerical Experiments

To verity the validity of the proposed optimization scheme,
we suppose that there is a bottleneck road with limited
capacity at the entrance of living area O to work area D, the
maximum bottleneck capacity s = 2000 vehicle/hour, 6000
(N =6000) travelers departing from living area O to work
area D every morning, and all travelers expect to arrive at
work area D at 8 a.m. (t* = 8). Meanwhile, we suppose that
the free-flow travel time T'; = 0.5 hour from living area O to
work area D, the maximum passenger capacity d = 40 of the
unit bus, the bus departure quantity f, = 50, the bus ticket
price p = 1, and the system parameter A =2, a; =7, a, = 4,
=06, y=9, ¢=1, and 6 =1, and the fine toll at the
bottleneck road is realized by the electronic toll collection
system.

Next, we will calculate and analyze these schemes in-
cluding the no-toll scheme (NT), fine-toll scheme (FT), and
optimization scheme of fine toll and bus departure quantity
(FT-BDQ). For the ease of comparison, some formulas for
NT, FT, and FT-BDQ schemes are listed in Table 2. The
results of calculation are as follows.

In Table 3, we can observe that travel cost and system
total travel cost under the optimization scheme of fine toll
and bus departure quantity are smaller than that of the fine-
toll scheme and the no-toll scheme. This reflects that the
optimization scheme of fine toll and bus departure quantity
can reduce travelers’ travel cost. Comparing the equilibrium
results of the 2nd column and 3rd column in Table 3, we can
know that appropriately increasing the bus departure
quantity in the rush hour can attract some travelers to travel
by bus. This means that the optimization scheme of fine toll
and bus departure quantity can effectively guide travelers to
choose a reasonable travel mode to travel in the rush hour.

In Figure 1, we can observe that the congestion risk cost
of bus travel under the optimization scheme of fine toll and
bus departure quantity may be higher than that of the no-toll
scheme in some times of the rush hour, but it is lower than
that of the fine-toll scheme in the rush hour. This also reflects
that appropriately increasing the bus departure quantity on
the basis of the fine toll can effectively reduce the congestion
risk cost of bus travel.
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TaBLE 3: Equilibrium results under three schemes.
Schemes Car travel demand Bus travel demand Bus departure quantity Travel cost System total travel cost
NT 2056.9800 3943.0199 50 4.1090 24653.8461
FT 2056.9800 3943.0199 50 4.1090 24653.8461
FT-BDQ 987.7681 5012.2319 87.6142 3.8045 22826.9230
(1) The optimization scheme of fine toll and bus de-
parture quantity can reduce the system total travel
cost and travelers’ travel cost and help travelers to
” choose a reasonable travel mode to travel in the rush
g hour.
4
E (2) The congestion risk cost of bus travel under the
g optimization scheme of fine toll and bus departure
go quantity is lower than that of the fine-toll scheme in
S the rush hour. Appropriately increasing the bus
departure quantity can effectively reduce the con-
gestion risk cost of bus travel.
(3) The optimization scheme of fine toll and bus de-

FiGure 1: Congestion risk cost of bus travel under three schemes.

TABLE 4: Travel time distribution of car travelers and bus travelers
under three schemes.

Schemes t.(or t,)) tye(or t,0) ty(or t1)) ty(or t5)
NT 6:29 5:39 7:34 7:37
FT 6:29 5:39 7:34 7:37
FT-BDQ 6:59 6:09 7:32 7:35

In Table 4, we can observe that the car and bus departure
time at which the queue begins under the optimization
scheme of fine toll and bus departure quantity are later than
that of the fine-toll scheme and the no-toll scheme; the car
and bus departure time at which the queue ends under the
optimization scheme of fine toll and bus departure quantity
are earlier than that of the fine-toll scheme and the no-toll
scheme. This also shows that the optimization scheme of fine
toll and bus departure quantity cannot only help travelers to
choose a reasonable travel time to travel in the rush hour but
also shorten the rush hour of car and bus travel.

6. Conclusions

In this paper, we established a dual-mode equilibrium model
based on the bottleneck model. In order to overcome the
problem that the fine-toll scheme increases the congestion
risk cost of bus travel, we proposed an optimization scheme
of fine toll and bus departure quantity and demonstrated its
travel characteristics from the perspective of theoretical
analysis and numerical simulation. The findings from these
experiments are summarized as follows:

parture quantity cannot only guide travelers to
choose a reasonable travel time to travel in the rush
hour but also shorten the rush hour of car and bus
travel.

The bottleneck of road and public transportation is the
key point to traffic congestion. Therefore, this study can help
alleviate the urban traffic congestion and promote the de-
velopment of urban traffic demand management methods.

With regard to the above finding, it is worth further
looking at how to find the “best” simple scheme of fine toll
and bus departure quantity under uncertain demand. An-
other interesting direction for further research is how to
consider the influence of travel-mode choice behavior
heterogeneity on the optimization scheme of fine toll and
bus departure quantity. Additionally, the measurement of
the congestion risk cost is also our future research direction.
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