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ABSTRACT

The emergence of multi-source and mass travel data and the gradual maturity of acquisition
methods make the realization methods of travel demand more diversified. The on-demand
bus is a pattern that can meet the needs of personalized and high-quality travel. This project
proposes an on-demand bus system based on response to random users' real-time
requests. Under the condition of fixed origin points and destination points, taking the
minimum total waiting time of passengers and the maximum profit of the bus as the goals,
a model based on the variables of bus fare discount and request valid time is established,
and LINGO and the actual car-hailing data are used to calculate and check the model.
Through calculation results and the comparison with the traditional bus and the express, the
on-demand bus system has shorter travel time than the traditional bus and costs less than
the express. Thus the research can be thought to provide a scientific basis for the
establishment of the on-bus bus system, and provide theoretical support for further research.
Keywords: on-demand bus, waiting time of passengers, bus fare compensation mechanism

1 Introduction

With the rapid development of the economy, the level of motorization in Chinese cities has
been greatly promoted. To satisfy the increasing travel demand of residents and alleviate
the problem of urban traffic congestion, after the establishment of the strategic goal of bus
priority development, the local government has promulgated a series of policies and
measures, such as expanding the layout of the public transportation network and
strengthening the construction of rail transit. These measures ease the traffic pressure in
the city to a certain extent, but still can’t completely meet the residents' diversified travel
demands, especially in the increasingly high requirements on life quality today. People focus
more on the travel experience of minority, individualization and high-quality. Meanwhile the
accuracy, accessibility, diversity and comfort of travel gradually get more attention.

With the extensive use of smart phone App based on the LBS (location based service), it is
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possible to obtain the user's mobile terminal location information, which provides technical
support for the rapid development of express cars, premier cars and car sharing. But the
high travel costs of express cars and premier cars are unaffordable for most people.
Therefore, it is imperative to develop an on-demand bus, whose travel experience is more
comfortable than the traditional bus, and the travel cost is lower than the express cars. The
on-demand bus is a new travel mode based on the internet background. It provides a new
idea for improving the quality of the bus transit system, and it is a supplement to the low
quality of the existing public transport service.

Yi Liu"l compared the passenger attribute, line stations, bus fare, service quality and other
aspects of on-demand bus and the traditional bus, established site and route planning model
and ticket pricing model, laying a theoretical foundation for further on-demand bus research.
Xiaojun Guol? analyzed the key elements of the on-demand bus system and established
the on-demand bus model. His research provided the basis to the on-demand bus system
in the sparsely populated area. Bin Li® built Logistic model of on-demand bus fare, and he
studied the ticket ranges that commuters could accept, the study pointed out that whether
there were seats, the number of bus stops along the way and commuting distance were
important factors affecting the city residents receive an on-demand bus. Di Huang®
proposed a new nonlinear bus fare structure based on distance, which was measured by
Euclidean distance between the destination and the destination. The results indicated the
advantage over existing fare structures: it reflected the ‘true cost’ of a passenger’s trip. Jinxu
Chenld! proposed a methodology for the optimal design of a suburban bus route for airport
access, with the objective of minimizing the total access time and used the artificial bee
colony (ABC) approach to solve the model. He found under this method, the total travel time
was less than the normal.

The previous studies focused more on the influence factors, bus fare, travel time, travel cost,
etc. They all got outstanding achievements. However, they all considered the problems
separately and studied little on the passengers’ waiting timelIl7IEI°l. This paper focuses on
the passengers’ waiting time and the bus profit and puts forward a mechanism of bus fare
compensation and a mechanism of reservation cancelling. Based on the two mechanisms,
on the case of fixed origin points and destination points, a model aiming at the maximum
profit and the minimum total waiting time is established.

2 Model establishment

2.1 Variables and parameters description

parameters parameters description expected departure times, which is
N bus capacity called the valid request time
Xo initial bus fare a fare discount
. the time that the bus begins to n the number of the passengers
accept an order reached between t and t,
. ) the number of the passengers
t; =01 .., B , each expecting i reached between t;_; and t;
departure time the number of the passengers
g the latest time for departure ny; reaching between t and ¢, and
T the time interval between the two leaving between t;_; and t;, j =0
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the number of the passengers ti_q1~t;

o reaching between ¢t;_; and ¢ A the Pth passenger arriving at

Y leaving between t;_, and t;, i< s ti_y~t; when the bus leaves at t;
jandi=1, j=2 the total waiting time of the

y the cost of a bus running once passengers, which is the total
the cost of a bus running per waiting time of the passengers who

m kilometer are on the bus after departure (that

. . . Tsum i . . .

L running mileage between the origin is, the waiting time of the
point and the destination point passengers who cancelled
the fixed cost of a bus running reservations is not taken into

m once, including shares of buses consideration.)
purchasing, personnel wages, etc. The average waiting time, which is
A exponential distribution parameter 7 the ratio of the total waiting time to
00 exponential distribution density ' the total number of passengers on
function the bus after the departure

Y the expected profit margin Z the income of one running bus
the minimum guaranteed profit VA the profit of one running bus

P margin k The times of departure delaying

tip the Pth passenger arriving at

2.2 Model hypotheses

Some hypotheses were proposed during modelling:

1). Passengers send out requests, choose the expected boarding time and ensure that
they can get on the bus before departure;

2). The running distance between any origin point and destination point in the road
network is known;

3). During each travel, the probability of passengers cancelling reservations obeys the
exponential distribution;

4). It is considered that the bus is running at a constant speed in the road network, not
considering the influence of traffic conditions on the speed;

5). The model is based on the operational characteristics of the mature on-demand
transit service market;

6). The waiting time of the passengers who cancelled the reservation during the waiting
period is not included in the total waiting time;

7). Only the benefits of single bus was taken into account;

8). The passengers who send an order between t; and t;,; can only cancel the order
after t;,q;

9). When receiving N orders, the system will not accept the extra orders, and the extra
orders will be assigned to the next bus.

2.3 Variables of the model

a — the bus fare discount per extension of waiting time, 0 < a < 1;

T — the time interval between two expected departure times between t;_; and ¢,
which is called valid request time, T =t; — t;_;.
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When solving the model, to ensure a and T are not extremely big and extremely small, the
values of « and T were given constraints.

Tmin Sas Tmax

Tmin <T< Tmax

Begin to receive the orders The latest time for departure

Fig.1 diagram of bus departure
At any time after the bus receiving orders, once the number of passengers is up to N or the
delaying departure time reaches the threshold, the bus departs.
Every morning at a fixed time, the first bus begins to accept orders. In the meanwhile, the
initial bus fare is X, and the expected departure time is t,. At any time before t,, once the
reservation number reaches N, the bus can depart; otherwise, if after the first valid request
time, T, namely t, moment, the total orders are still less than N, the departure time is
pushed to t, (= t, + T). At the moment, there are two choices for passengers: to cancel the
order or continue to wait. For the passengers continuing to wait, their fare would be
discounted to aX,.

At tg, the bus departs regardless of the number of orders. And the fares of different

passengers: (1)for the passengers arrive during t~t,, the fare is afX,, (2) for those arrive

during t,~t,, the fare is afX,, ..., (B) for those arrive during tg_2~tg_1 , the fare is aX,,

(B+1) for those arrive during tz_,~ts_; , the fare is X,.

2.4 The cost of a single bus (y) and initial bus fare (X)

The cost of single bus, y, is determined by bus operation cost and the fixed cost. The
fixed cost includes share equally of buses purchasing, personnel wages, etc.
y =mL+m, (1)
where: y — the cost of a single bus running
m — cost of unit mileage when bus running
L — running mileage of the origin point and the destination point
m, — constant, consisting of buses purchasing share, personnel wages, etc.
An expected profit rate, y, and a minimum guaranteed profit rate, p, are defined. The
expected profit rate is the profit rate expected by the carrier. The minimum guaranteed profit
rate is the profit rate that the carrier can get regardless of the fare discount, which is
guaranteed.
The initial bus fare, X, ,is determined by the expected profit rate, the bus capacity and the
cost of the bus. That is

(mL+my)
Xo = (1 +y) o (2)
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According to the minimum guaranteed profit rate, p, there is following constraint
a“(1+y) =1 +p) (3)

2.5 The relationship between the passengers’ waiting time and waiting behaviour

During the valid request time, T, there will be passengers who do not want to wait and
choose to cancel the reservations and others who are willing to wait until the next expected
departure time because of the fare discount.
The probability of a passenger not cancelling reservation halfway is assumed to obey
exponential distribution.

7\e —Ax x>0
Where: 1 is the parameter of the exponential distribution and its value can be determined
by the investigation of the waiting passengers' psychology and be assumed.

2.6 Single bus income model and passenger’s waiting time model

The single bus profit is the difference between the single bus income and the cost. The
single bus income is equal to the sum of products of the number of passengers arriving at
different moments and fares of different moments. According to the fare compensation
mechanism, the bus fares are different for the passengers arriving at different time.

So, the single bus profit model is

7 = {ﬂoor [(no it ng) - f; f(T)dT] akXy + floor [(n1 Yerny) - fOTf(T)dT] :
ak=1X, + -+ floor [(nk_z — Mg 1) * fOTf(T)dT] -a?X, + floor [le—1 : fOTf(T)dT] ~aXy +

nXo} — (mL+mg)  (5)

The passenger’s total waiting time, Ty, i, IS the sum of the waiting time of passengers on
the bus after departure (that is, the waiting time of passengers leaving halfway is not in
consideration). The total waiting time at ¢;:

O Z 0 1 Z 2 1
2y = (no — i) -t — ( =175 to; + (g — Xioniy) -t — ( J=:1) ti +
nz— nk 3Ny ’
(n, ianh) -t — ( J=sm21) toi + -+ (Mgez — Dhopy N(g_2) 0tk —
=25 _k-1 nEk— )Jj ' "k—l—"zk— Yk
ZL ! 2) te-2yi + (Mi—1 — n(k—l)k) Uy — Zi(=1 ' )t(k—l)i + Mt — X
(6)
Above all, we built a multi-objective optimization model:
maxz, = {ﬂoor [(no — Yk tng) - fOTf(T)dT] - a*X, + floor [(n1 — Yk rnl) -
T k1 —n (T . 2 :
Jo F(M)AT| - a’" Xy + -+ floor |(ng_p — Nj_y —1) * [, f(T)AT |- a*X; + floor |n_,
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k !
(no=Zf1mo;)

minz, = (ng — X ng;) - tr — Yioq tor + (n1 — Xicanyy) -t —
n-yk _nl. -3k .n '
Zl(=i j=2 11) ty; + (nz — Yk 3n21) t, — ( N2~Lj=3 21) ty + -+ (nk—z _Z{'(=k—1n(k—z)i) by —
=Kl , Nh—1—N(p—
Zl(=1; j=k-1T(k 2)1) teezyi + (nk—l ~ Ny k) b — Zl(=llc 17 Mk-1) k) te1yi + M- b — Ziikl tri
(8)
S.T.
(no —Zinh) 20 )
(m = Saml) 2 0 (10)
(Me—z = Xfck—1Mk—2) =0 (11)
(M—1 = Np—1) = 0 (12)
ak(1+vy) =1 +p) (13)
X, >0 (14)
n =0 (15)
T = ti - ti—l (16)
ng; =0 (17)
— (19)
mlTl S a < amax (20)
Tmln S T S Tmax (21)

3 Data processing

The data of this paper came from the samples of DIDI’s orders. The data of the period of
7:00:00~7:40:00 on December 22, 2016, in Beijing, was analyzed using the kernel density
estimation based on the travel distance. The principle is as follow:

fa) =~ X Ky (x = x) = — XL Ky (5 (22)

K, (x) is the kernel functionl'®. There are many kinds of kernel functions, such as
Gaussian, uniform, triangular, Biweight, triweight, Epanechnikov, normal and so on. h is a
smooth parameter, called bandwidth (bandwidth), also called a window. This paper uses the
Gaussian kernel function and the default optimal bandwidth to estimate the kernel density.
ArcGIS was used to show the distribution of the starting points and the ending points. It can
be seen that most of the the starting points and ending points are concentrated in the central
city and a few of them are located in Tongzhou, airports and other places far away from the
central city.
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Fig.4 The distribution of starting points Fig.5 The distribution of
ending points

The model established in this paper is based on the following characteristics: the starting
points and the ending points are within the same small radius. They occurred in the areas
where trips are not too dense. Therefore, according to the characteristics of the model, the
data whose travel distance was larger than 25000m were selected and 79 sets of data were
obtained. Then, the 79 sets of data were used to test the model.

4 Model solution
We choose Yizhuang Development Zone and Tongzhou District in Beijing as OD points.

The parameters assignment are shown in the following table.
Tab.1 Parameters assignment

parameters parameter values A 600
N 20 Y 1

Xo 17.4 p 0.5

t 7:00:00 Thnin 300

y 174 Tonax 600

m 4 Amin 0.8

L 36 Amax 0.95
m, 30 3

From the Tongji Nan Road subway station in Yizhuang Development Zone to the Tongzhou
District government, through the East sixth ring road, the travel distance is about 35.7km,
so the running mileage, L, is assigned as 36km. According to Tab.1, it can be calculated
that the single bus cost is 174 yuan. We select the minibus whose capacity is 20 and make
the expected profit margin 1 and minimum guaranteed profit margin 0.5. From the above,
the original bus fare is 17.4 yuan. The operating bus begins to accept requests at 7:00:00,
and the latest time for departure is to be 40 minutes after accepting orders, that is k=3. We
assign

A 10 600, and to ensure the profit of the operation company, we assign y to 1 and p to 0.5.
At the same time, to ensure a and T are not extremely big and extremely small, the T is
restrained between 300 and 600 and a between 0.8 and 0.95.

According to the parameters assignment, LINGO was employed to solve the model. LINGO
is the best choice for optimization model. For multi-objective optimization, the common
methods include main objective, linear weighted summation, exponential weighted product,
etc. In this paper, the linear weighted summation method is used. w; is the weight of bus
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profit function, and w, is the weight of waiting time function. The following results are
obtained by the different values of w; and w,.
Tab.2 The optimal solutions of the model with different weights

w1 Wy a T(s) maxz; (yuan) minz,(s) T(min) departure time
0.7 0.3 0.95 305.0895 96.1183 11671.8 9.73 7:20:20
0.75 0.25 0.95 419.0728 133.037 20790.42 17.33 7:27:56
0.8 0.2 0.95 466.5133 140.037 24585.07 20.49 7:31:06

From Tab.2, with the two weights changing, the optimal solutions of the model change. With
the increase of the weight of the first objective, the bus profit gradually increases and the
total waiting time decreases. Meanwhile, valid requests time gradually increases with w,
increasing, which means the waiting time of passengers choosing to wait increases,
conforming to the actual condition. However, the optimal solution of fare discount, «a,
remains unchanged, which means relevant parameters should be adjusted.

Transfer times, sites number, travel time and travel cost of different travel methods are
compared in the following table.

Tab 3 The comparison of different transportation

transportation Transfer times Sites number Travel time Travel cost
subway 1 28 1h and 28min 9 yuan
Traditional bus 1 27 1h and 40min 7 yuan
taxi -- -- 50min 93 yuan

On-demand bus -- -- 1h and 10min 17.4 yuan

According to Tab 3, from Yizhuang to Tongzhou, whatever by bus or subway, it is a travel
of long-time and many-transfers. If choosing the taxi, the travel cost is too high to afford for
most passengers. Therefore, the on-demand bus may be a better alternative.

5 Conclusion

In this paper, the mechanism of bus fare compensation and the mechanism of reservation
cancelling are put forward. Based on the two mechanisms, the on-demand bus model is
built and tested by the data from Didi. According to the results, the travel time is shorter than
traditional bus and the cost is lower than the taxi.

The paper explores an on-demand bus considering the passengers’ waiting time. The on-
demand bus can make full use of public transportation resources and improve the bus
service level to a certain extent. It provides a theoretical basis for the establishment of the
on-demand bus systems.
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