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ABSTRACT

As a major part of public transportation system, bus transit has been regarded as an effective mode
to alleviate the traffic congestion and solve vehicle emission problem. The performance of bus
transit system depends largely on its design of proper stop locations. In this reasearch, we proposed
a multi-period continuum model (peak hour and off-peak hour) to optimize the design of a bus
route for four different vehicle types (i.e., supercharge bus, Compressed Natural Gas (CNG) bus,
Lithium-ion battery bus, and diesel bus) considering driving regimes and the pollutant cost.
Inter-stop driving regimes, including acceleration, cruising, coasting, and deceleration, are
explicitly introduced into the optimization to determine whether and how the coasting regime
should be undertaken in the tradeoff between vehicle’s commercial speed and the operating cost.
The comparison for the cost effectiveness of each alternative has been investigated in a life span
with respect to different vehicle types. The method has been implemented in the real-word bus
route 7 in Yaan City (China). The numerical experiments suggest that through optimization, the
total system cost has been saved by more than 50%. The results of continuum model are validated
by the comparison with the discretized results, and the outcomes are closely located in
neighborhood (with error less than 3%). The life-cycle cost of four vehicle types is finally
analyzed, and the result indicates that due to the high purchase prices, it’s difficult for clean-energy
buses to outperform conventional buses in a life cycle (normally 8 years), unless with subsidies
provided.

Keywords: Bus Route Design, Pollution, Driving Regimes, Continuum Model, Different Vehicle
Types
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INTRODUCTION

With the astounding growth in automobile ownership, most cities in China have to face a number
of transportation related issues such as rapid environmental deterioration and serious congestion
problem in urban area. The pollutants emitted such as CO, VOC, and NOy, bring unpleasant
impacts on the air quality as well as the public health. Zero-emission buses, such as battery electric
buses and supercharge buses, entail environmental friendliness, and have been recognized as a
new solution of environmental problem and traffic congestion. Supercharge bus is the newest bus
type in the market and it utilizes super capacitor as power source, which has the advantages of fast
charging and discharging ability. Compared with battery electric bus, supercharge bus takes far
less time to charge, and it doesn’t need to replace batteries in a life cycle. Many cities in China
have spared no effort in developing a new transit network with clean-energy buses. For instance,
all the conventional buses (i.e., 16,000 CNG and diesel buses) in Shenzhen will be replaced with
electric buses by the end of 2018 (1). Despite the environmental advantages of the new-energy
buses, the expensive purchase price is an obstacle that impedes the progress of the shifting to clean
energy. For example, the unit vehicle price of an electrical bus is almost three times more
expensive than conventional bus (2). In order to yield a scientific assessment between
clean-energy buses and conventional buses, it is necessary to take the technical and economical
characteristics of different bus types into consideration to assess their cost competiveness.

To make the transit system more efficient, it is necessary for designers to provide a
delicated transit system with stops being well located. There are two basic approaches for tackling
Transit Route Design (TRD) problem. One is discrete approach which has been frequently used in
the TRD problem. Studies (3-6) applied discrete approach to decide the optimal stop locations.
The basic idea of discrete model is to determine optimal set of stops for a given OD matrix and
predict travel time per link on the route (7). Dynamic programming is largely used in the
optimization. The disadvantage of this approach is the computational inefficiency because of the
numerous decision variables.

Another approach is the Continuum Approximation (CA) approach. Previous studies (8-18)
employed CA approach to obtain the optimal design of a transit system, where a small number of
continuous functions are inputed; e.g., lines and stations are specified in terms of the spacing
between them (19). Some other parameters including headway, bus capacity, fleet size, have also
been used in the optimization model (20-21). The pioneering work of CA approach employed in
transit route design seems to be the study of Newell (8), in which the mechanics of CA approach
was elaborated. After that, Vaughan and Cousins (14) took advantage of a continuous stop density
function to determine the number of stops so as to minimize user’s travel time on a single corridor.
The demand pattern is a “many-to-many” demand pattern to reflect the spatial heterogeneity of
demand and is also presented in a continuous form. Later, Wirashinghe and Ghoneim (12)
proposed a more general continuous model to minimize the total system cost which consists of
user cost and operator cost with respect to a “many-to-many” demand pattern. The stop density is
expressed as a function of location and the integral of stop density function is firstly used as the
method to find optimal stop locations. Recently, Medina-Tapia et al. (16) employed CA-based
transit design model to a single bus corridor considering multiple periods (peak hour and off-peak
hour). A bi-directional stop density functions and multi-period headways are obtained. Further,
Amirgholy et al. (22) proposed a CA model to minimize user cost, agency cost, and pollutant cost
in a congested network. It seems to be the only CA-based work that considering environmental
impacts into transit route design.

The theme of this study is to optimize the bus route design for a single corridor considering
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different bus types of which the inter-stop driving regimes are explicitly modeled. In the proposed
model, the objective function is to minimize the total system cost, as a sum of user cost, operator
cost, as well as pollutant cost. The model is based on continuum approximation and its accuracy is
verified by a discrete approach. A case study is furnished on a bus route in Yaan City (China). The
contributions of this work include: the environmental factors and inter-stop driving regimes are
considered in transit route design model to analyze the system cost of different vehicle types. By
intergrating the optimized system cost (on a per day basis) with life-cycle cost analysis, it can
provide operator insight to choose appropriate vehicle type. Furthermore, the optimized coasting
speeds for different bus types have been analyzed as well as the effect of coasting regimes on
operation cost, which can be implemented in practical selection of driving regimes for different
bus types.

The remainder of this paper is organized as follows. Next section introduces the
optimization model, with variables’ definitions and formulations of the CA model, respectively. In
the section, a non-linear total cost minimization problem is introduced. After that, the numerical
application is conducted by using the real demand data, and the obtained results are analyzed. In
the end of section 3, a cost-effectiveness analysis among different vehicle types has been
elaborated. Last section concludes the findings and indicates further extensions.

METHODOLOGY

The proposed model contains a bus corridor of length L, operating in two directions (denoted by
r € {eb,wb}, indicating eastbound and westbound, respectively). The bus travelling in each
direction of the corridor stops at each stop. The studied periods are: peak hour period and off-peak
hour period (denoted by i € {pk, op}, indicating peak-hour period and off-peak hour period,
respectively) whose service headways are different to reflect the demand variation but equal in
both directions. To facilitate organization, the developed model is based on a few assumptions as
follows:

1. The value of time for all passengers is assumed to be the same, regardless the citizen’s
status, income, etc.

2. Passengers choose the nearest stop to board or alight bus.

3. There is no congestion on the corridor, so bus acceleration or deceleration results from
whether it has to stop or start at bus stop. For the segment between two stops, different driving
regimes could be adopted regarding whether coasting occurs, for instance. In addition, the
acceleration and deceleration rates are constant in this study.

4. No bus congestion is assumed to occur at bus stops, so each bus opens its door as soon as it
arrives at a stop.

In this section, we will first introduce the objective function T'C,,,, which represents the
total system cost (on a per day basis), withm € {SC,CNG, Li, Di}, representing supercharge,

CNG, Lithium-ion, and diesel buses, respectively. T C,,contains user cost C,, ,,,, operator cost C,, ,,,
and pollutant cost Cp ,,,:

TCp = Cyum + Com + Coms (1)

m € {SC,CNG, Li,Di}
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The user cost includes three parts: the cost that passengers have to access or egress the stop
(Cam), the cost that passengers spent waiting at the stop (Cy, ,), and the in-vehicle cost (C,,,,,).

Cu,m = Ca,m + Cw,m + Cv,mo (1a)

m € {SC,CNG, Li, Di}

The operator cost entails those of: the stop construction and maintenance cost C; ,,; the
Vehicle Hour Traveled (VHT) related cost (i.e., the cost associated with fleet size C]Zf m» the cost
associated with driver salary C/',,,, and idling cost C,,); Vehicle Kilometer Traveled (VKT)
related cost (i.e., the cost associated with distance under cruising regime Cy ,,,, coasting regime

Fm» and acceleration and deceleration regimes C;‘_,‘i,). The operator cost is thus given by:

Com = Csm + (CLp + Cloy + Cl) + (CEm + CF% + CFL), (1b)

m € {SC,CNG, Li,Di}

The expression of pollutant cost Cp ,,,will be formulated later in Equation 30 and 31.

Continuum Approximation Models
User Cost
Seeing in Equation 1a, each cost item will be explained in brief expression in this part.

For users who access and egress at point x on the corridor, the access/egress cost is
computed by multiplying the number of users, the value of access time, and the average walking
time. Assuming that the distribution of demand in the neighborhood of x is uniformed, the

expected walking distance can be formulated as PR thus the access/egress cost is:

(alr,i(x)+b0r,i(x))'Ti'9a
4'5m,r(x)'va

dx, )

L
Ca,m = Zr:eb,wb Zi:pk,op fO

m € {SC,CNG,Li,Di},i € {pk,op},r € {eb,wb}

where
6, : value of access time (dollar per passenger hour);
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al,;(x) : number of passengers who would like to alight at point x (x € [0, L]). Noting that r €

{eb,wb}, i € {pk,op} (passenger per kilometer per hour);

bo, ; (x) : number of passengers who would like to board at point x (x € [0, L]). Noting that r €

{eb,wb}, i € {pk,op} (passenger per kilometer per hour);

T;: duration of period i, with i € {pk, op} (hour);

Omr(x): stop density function, withm € {SC,CNG, Li,Di}, r € {eb,wb} (number of stops per

kilometer);

v, . average walking speed for passengers accessing and egressing bus stop; (kilometer per hour);
The daily waiting cost is considered as the product of average waiting time per passenger,

the number of boarding passengers, and the value of waiting time. Considering that waiting

passengers will get on the first bus that passes by, the waiting time of passengers will increases

linearly with average headway between buses, h;. The expected passenger’s waiting time will be

half of headway if bus’s arrival is perfectly regular. Therefore, the expression for user waiting cost

is given as follow:

L h;
Cw,m = Zr:eb,wb Zi=pk,op fo bor,i(x) T o Oy dx, (3)

m € {SC,CNG,Li,Di},i € {pk,op},r € {eb,wb}

where:
0,,: value of waiting time (dollar per passenger hour);
h;: the average headway, with i € {pk, op} (hour);

The in-vehicle cost is the cost generated by all on board passengers when bus is operating
between stops. It contains the cost accounted for bus travelling and for bus idling. Different driving
regimes might be conducted while bus is moving to next stop and it is essential to fully understand
the driving scenarios that could happen. Generally, there are four basic driving regimes (i.e.,
acceleration, cruising, coasting, and deceleration).

The bus’s travel time between stops depends on whether a transit vehicle can reach its
maximum speed or not. Supposed S, to be the critical distance for completing a perfect
acceleration to cruising speed and a perfect deceleration from the cruising speed. For a stop

spacing (represented as 5;@))’ here are four driving scenarios:
m,r
Scenario 1: No coasting and cruising, 5;(@ <S5
In this case, the inter-stop travel time t, consist of two parts, the time for accelerating to
some speed vs (Vs < v, V¢ IS the cruising speed, with i € {pk, op}) and time for braking; The
time items are expressed as follows:

tl = ta1 + tbl (4)
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tgn == (4a)

ay
th1 == (4b)

where, a,,, d,, indicate the acceleration and deceleration rates, respectively, in unit km/h?;
We can calculate v as following expression:

2aydy 1
Vs = ’— V. <v.;,——<S§ 5
$ (ap+dy) Smr(x) s Gt > Smr(x) e ( )

m € {SC,CNG,Li,Di}, i € {pk,op}, r € {eb,wb};

1
5m,r(x)’
the stop spacing. The per-kilometer travel time ¢, . ;(x) can be determined by substituting

Equation 5 in Equation 4 and then dividing the spacing. Thus, per-kilometer travel time (in unit of
hour) in scenario 1 can be formulated as:

Noting that the sum of acceleration and deceleration distance is which represents

v _ [2(ap?+dy?)-8mr(x) 1
tm,r,i,l(x) B \/ (ay+dy)-apdy ,‘Sm,r(x) = SC’ (6)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

Scenario 2: No coasting, 5;(95) >S5

In this scenario, there are three intervals in an inter-stop traveling: the time for accelerating
to cruising speed v, ; (t,,); the time for cruising (t.,); and the time for braking(t;,). The travel
time for each regime and the total travel time in a stop spacing for this scenario (t,) are:

by =g Tl T tp (7)

(7a)
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1 Vc,i Ve,i
c2 5m,r(x)'vc,i 2ay 2dy ( )
_ Vi
thy = - (7c)
v

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

Thus, the per-kilometer travel time, denoted as ¢, ,.; ,(x), in unit of hour, is formulated as:

Vi Omr(x) 1 1 1 1
{0, pipe) = Pt (L 1) 1 1y g ®)

2 ay dy Vi ’ 5m,r(x) -

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

)

5m,r(x) R

Similarly, there are three intervals composed in this scenario: accelerating, coasting to
speed v,, with deceleration rate c,, (km/h?), and then braking regime is applied to reach the stop.
Thus, we can determine the inter-stop travel time for each regime as follows:

Scenario 3: No cruising,

t3 = tg3 + teo3 T tp3 )
tag =2 (%)
ooz = ~2 22 (9b)
tyg = 2 (%)

with i € {pk, op};
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Thus, the per-kilometer travel time (hour) in this scenario is formulated as:

1 1

1 1 1
t;un,r,i,S (x) = <Uc,i ) (a_v + _) + vco,m,r,i(x) ) (d_v - _)> ) 6m,r (x)> m =S, (10)

Cy Cy
m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};
With v, m i (x) (indicating the speed at the end of coasting with i € {pk,op}, r € {eb, wb},

m € {SC,CNG, Li, Di}, at point x) expressed as below, which is derived from the work of Vuchic
(23):

20y dy cy—(ay+cy) v, % dy S ()
. = - - 11
vCO,m,T,l (x) \/ av'(dv_cv)'am,r(x) i ( )

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb} ;

1
5m,r(x) =z SC
In this scenario, buses can accelerate to cruising speed, then keep constant speed, coast

from cruising speed, and brake. Thus, four intervals are included in the inter-stop travel time.

Scenario 4: With coasting and cruising,

by =tga T teg T teos T tpa (12)

The distance for an inter-stop cruising is:

2 2 .2 2
Sm 1 (ﬁ_i_vc; Vco +Uﬂ)’ (13)

TSm0 \2ay | 20, | 2dy

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

We denote the inter-stop cruising time as t.,, and present it in the following equation:
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ter = gt 1 et a) e (52 a4)

5m,r(x)'vc,i ay Cy 2v¢; \dy Cy

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

Thus, the inter-stop travel time is:

v (A AN vei, (L 1) (Y _
ta = Smr(X)ve; T (av T cv) 2 T (cv d,,) (217”- vco)a (15)

with i € {pk, op};

It should be mentioned that, even though it exists four different operation scenarios, the
scenario 1 to 3 can be regarded as the special situations of scenario 4 (explained later), which the
per-kilometer travel time t,;, ,.;(x) and the time covered by each driving regime in per-kilometer
distance are:

t;;"t,r,i(x) = tg,m,r,i(x) + tg,m,r,i(x) + tgo,m,r,i(x) + tz,m,r,i(x) (16)
Where
Ve i*Om ()
tamri(X) = == (16a)
v
Ve,i—Vcomyr,i(X)
tgo,m,r,i(x) = % ) 6m,r (x) (16b)
r,i Smr
tg,m,r,i(x) = Zeomr, (;3 mr%) (16¢)

2

i () = [ = 2 (24 1) ¢ Temn O (L _ D)5 () (16d)

Smr (x)'vc,i 2 \ay Cy 2v¢ dy Cy
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1 1\ Y0 1 1 ci ci
t;un,r,i(x) = [(_ - _) T (_ - _) ) vco,m,r,i(x) t—t Zel + U_] 6mr(x) (17)

Cy dy 2v¢; Cy dy Ve,i 6m r(x) 2ay

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

In scenario 2, which doesn’t contain coasting regime, it means that the coasting speed
equals to the cruising speed, v, m i (x) = v,;. Thus, Equation 17 can be converted into Equation
8. As for scenario 3, which has no cruising regime, the cruising time is zero (t¢,, .;(x) = 0), and
we can find the expression of v, ., ».;(x) the same as Equation 11. Scenario 1 is the combination
of two conditions (vee m.r,i (x) = v; and tg, . ;(x) = 0) and the Equation 6 can be yielded.

Therefore, Equation 17 is the generalized formula with four scenarios included. We can
make an assumption that scenario 4 is conducted in every inter-stop trip. By pluggingv,o m, i (x)
into optimization, we can finally yield the profile of v, ,,, » ;(x). Once we get the v, , ,; (x)
profile, the effect of coasting regime on operation cost can be explored.

After bus finishes its inter-stop travel, the bus dwell time will generate for passengers
boarding and alighting and for opening and closing doors. Supposing that an onboard fare payment
method is applied and one door is used for boarding and one or more doors are used for alighting,
the dwell time at each stop is dominated by the process that takes longer. To facilate modeling, we
convert dwell time at each stop to dwell time on per kilometer basis, denoted as ¢5 . ;(x). The

expression of t2 .. ;(x) is:

tri(X) = tg(x) * S (X) (18)
Where
ty(x) =ty + max (borl(x) h; - ( ) “tp,aly;(x) h;- m ta>, (19)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

to is the dead time for opening and closing doors, t, and t,are the average boarding and alighting
time (hour) per passenger, respectively.
To summarize, the expression for in-vehicle cost is presented as follow:
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L
Cv,m = Zr:eb,wb Zi:pk,op fO Pr,i(x) “T; - (t;]n,r,i(x) + tgl,r,i(x)) - 0, dx, (20)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

Where

P, ;(x): the number of passenger load at point x in direction r, in period i (passengers per hour);
tmri(x): bus’s per-kilometer travel time (hour) with r € {eb,wb}, i € {pk,op}, m €
{SC,CNG, Li, Di};

t,‘fllr'i(x): bus’s per-kilometer dwell time (hour) with r € {eb,wb}, i € {pk,op}, m €
{SC,CNG, Li, Di};

6, the value of in-vehicle time (dollar per hour);

Operator Cost

Each cost item in Equation 1b will be discussed in this part. The cost for stop construction and
maintenance is determined by 6, and 6, which represent the daily cost for stop construction
($/day) and the hourly cost for stop maintenance ($/hour), respectively. Thus, the per-day cost for
stops on the corridor is:

L
Cs,m = Zr=eb,wb fO (Qf + BOT) ) 6m,r (x)dx, (21)

m € {SC,CNG,Li,Di},r € {eb,wb}

Where, T presents the total operating time of a stop (hour).

The cost associated with fleet size is closely related to the maximum fleet size required,
which is correspondent to peak hour fleet size, denoted as B,. By, is determined as the quotient of
peak hour cycle time t;,;, and peak hour headway h,qqy. Thus:

¢l =06, By (22)
By = 2k (23)
peak
L
tic = Zrzeb,wb fO (t;)n,r,i(x) + tgn,r,i(x))dxf (24)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};
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Where, 6, is the fixed cost per bus (dollars per vehicle per day).
To determine the cost associated with driver wage, we suppose that a fixed wage 6, is paid
hourly for each on-duty hour, and the cost item for labor is expressed as:

Cfm - Hh Zl =pk, op tc (25)

m € {SC,CNG,Li,Di}, i € {pk,op};

Where 6,, is the hourly salary for driver (dollar per hour).
The cost associated with idling C f is presented as:

LTy

Cfm - ed Zr eb,wb Zl =pk,op f gn,r,i(x) dx' (26)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

Where 6, is the per hour cost of idling per vehicle(dollar per vehicle per hour);
Then, we discuss the VKT related cost:
The cost associated with distance travelled by buses at cruising speed for daily bus flow is

presented as the integral of the product of vehicle flow over day , the per vehicle-kilometer

cruising distance t,, ,.; . (x) - v.;, and the per vehicle-kilometer cost 6.. And the cost related is
expressed as:

LT;

Cfc,m = ec Zr=eb,wb Zi=pk,op f ) mr,i,c (X) ) vc,i dX, (27)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

Where, 6, is the vehicle cost per unit distance covered at cruising speed (dollar per vehicle per
kilometer).
Similarly, the cost associated with distance coasted Cf7,, the cost associated with

acceleration and deceleration C ., are expressed as follows, respectively:

LTI. v?l COmTl(x)
Cfc,(r)n = Hco Zr:eb,wb Zizpk,op f T — m,r (x)dx (28)
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14 172

LT L%,i co,m,r,i(x)
Ca,;’in = 0aa Zr:eb,wb Zi:pk,op fO h_L ’ (a + T) . Sm,r(x)dx, (29)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb};

Where

6., the unit cost per kilometer traveled by coasting (dollar per vehicle per kilometer);

0,4 the unit cost per kilometer covered at accelerating from bus station or braking to bus station
(dollar per vehicle per kilometer);

Pollutant Cost
In this model, we primarily take HC, CO, and NOx into account. The n" pollutant volume can be

determined as the product of emission rate for pollutant n (n=1: HC; n=2: CO; n=3: NOy) and the
per-kilometer travel time of different driving regimes, as expressed below:

Porm = €% t8mri(x) +ef - t8mi(0) + €50 - tly mri(x) + el -ty () +ef -t (%), (30)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb},n € {1,2,3};

where eZ, e?, e°, ek, and e@ represent the emission rates for pollutant n, under acceleration,
cruising, coasting, deceleration, and standing regimes, respectively, in unit of (ton/hour).
Therefore, the pollutants cost generated while buses are operating on the corridor is:

L T;
CP,m = Z?l=1 Zr:eb,wb 2i=pk,op fo Pm,r,n ’ Hp,n ) h_z dx, (1)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb},n € {1,2,3};

where, 6, ,, is the unit vehicle-related damage cost of pollutant ($/ton).

Model Optimization
In this model, the objective function is the generalized cost, which is the sum of user cost, operator
cost, and pollutant cost. The expression of minimization problem is:

{Cu,m + Co,m + CP,m} (32)

min
Sm,r (x);hi;vco,m,r,i (x)
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Subject to:
CaPpus
( Q; = e
{ (alr,i(x) + bor,i(x)) ’ hi < Capstop ) Sm,r(x) (33)

k 0< hir 0< 6‘m,r(x)r 0< vco,m,r,i(x) < vc,i

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb}

The first constraint indicates that the bus’s capacity must feed the total passenger demand
(i € {pk,op}). The second constraint is the stop capacity should satisfy the total demand of
boarding and alighting. In addition, the optimal results of headway, stop density, and coasting
speed should be positive.

The objective function has three variables/functions: &, - (x), h;, V¢o mri(x), and the
constrains are nonlinear. Those factors increase the complexity of the optimization. To obtain the
analytical expression of each variable/function, two alternative procedures are proposed. Firstly,
we introduced an initial value of headway to reduce the dimension. We can obtain the expression
of coasting speed and stop density by solving first order condition v, 1, : (x)* = f(x, h;) and
S () = £ (%, hi) Veom,r,s (X)™). Through this approach, the model is transformed into a problem
that has h; variables.

The second procedure contains two steps: in the first place, 6, -(x) and v, ,,, . (x) are
replaced by the optimal expression 6, -(x) and v, ;. (x)*. As the optimal function of headway
also contains stop density and coasting speed, which is k; = f(x, 8 (%)", Veomri(x)*), the next
step is to iterate the analytical expression of headway, stop density, and coasting speed until the
convergence is reached under constraints.

The first-order-condition expressions of stop density in each direction is:

Sizpic.op( @lr,i(X)+bor, i () Ty64

T.
fz,m,r,i(x)+2i=pk,op[f3,m,r,i(x)+6c'f4,m,r,i(x)]'h_;

Emr(x) = (34)

4v,

0pnT; v
pnti e
+ Zn=1,2,3 2i=pk,op h; '<f5,m,r,i(x) +—vcni'f4-,m,r,i(X)>

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb},n € {1,2,3};

Where

1 1\ vimri® 11 Vei | Veq
fl,m,r,i(x) = (; - _) PR (_ - _) ' vco,m,r,i(x) + =4 = ;

dy 2v¢ Cy dy 2ay 2¢y
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fl,m,r,pk(x) +td,pk(x))

hpk

T; eb
fomri(X) = Xizpkop (9v Ty Pri(x) + v 9h) : (fl,m,r,i(x) + td(x)) + (
00T ;

+ 6 +

2 2 2 2
_ Ve,i _vco,m,r,i(x) Vi 17co,m,r,i(x) .
f3,m,r,i(x) =04 td(x) + 6 2 + 044 2a + 2d )
v v v

2 2
f (X) _ ﬁ + vC.iZ_vco,m,T,i(x) + Veomr,i(®) .
dmri 2a, 2¢y 2d, '

— ,a .Y co . Ve,i—Veo,m,r,i(%) b. Veomr,i(X) d. .
fS,m,r,i(x) =€n a_v + ey + ey d ten td(x) ’

Cy v

It should be mentioned that the stop density function is different on two sides of corridor to
reflect the flexibility of locating curbside bus stops.

The expressions of optimal headway in peak hour and off-peak hour are as follows,
respectively:

L
h _ Yr=ebwb fo [(Gb+eh.Tpk)(t}r;n,r,pk(x)+tfn,r,pk(x))'l'gl,m,r,pk(x)+Z::)1=1 Tpk'gp,n'Pm,r,n(X)]dx (35)
pk — L Tpk
2r=eb,wb fo bOr,pk(x)'%'ew‘FPr,pk(x)'Tpk'gz,m,r,pk(x)'ev dx
L v d 3
P Yr=ebwb |y [ah'Top'(tm,r,op (x)‘Hfm,r,op(x))+91.m,r.0p(x)+2n=1 TOp'ep,n'Pm,r,n(x)]dx (36)
op — L T
Yr=ebwb fo bor,op(x)'_gp'9w+Pr,op (X)Top'2,m,r,0p (x)-0y dx

m € {SC,CNG, Li,Di},r € {eb,wb},n € {1,2,3};

Where

2 2
Ve,i + 17co,m,r,i(x)
2ay 2dy,

gl,m,r,i(x) =T;- 6" tg,m,r,i(x) Ve, T Oaa ( ) ' 6m,r(x) T+ T 04" tgn,r,i(x) +T;-

2_,,2
Ve,i _vco,m,r,i(x) .
9C0 ' ' Sm,r(x) )
2¢,

G2.mr,i () = max(bo,;(x) - tm, alyi(x) - ).
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Once the optimal value of headway is obtained, we can determine v, , »;(x). The first
order condition is applied to obtain the unconstrained optimal ¥, ,, ,.; (x) as follows:

(B i)+ Eheg O (__b)

cy dy cy dy

v (x) = 37

comri() () P (600 +Oaa+ Earepn | G7
m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb},n € {1,2,3};
Where 1, ;(x) = 8, - T; - Pry(x) + 2 + 6 - 2L

pk i
Considering the constraint (0 < v,y m 1 (x) < v¢;), the optimal expression of

Veomri (%) IS given by:
vco,m,r,i(x) = mid(O, l‘jco,m,r,i(x):Vc,i)’ (38)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb},n € {1,2,3};
where function mid(x, y, z) return the middle value among x, y, and z.

As for supercharge bus and Lithium-ion bus, the pollutant emitted can be neglected, so
the optimal expressions of stop density, headway, and coasting speed are simplified as follows:

Yi= pkop(alrl(x)+b0rl(x)) T;i-0q
S = 39
mr (%) \/4va(f2m”(x)+z, ponl P COFOC 4 0] 7) (39)

B [Brmebwo o [(Ep+6n Tpk)(tmro,,<x)+rs'mp<x))+g1mrpkm]ax 40)

k=

P Yr=ebwb fo borpk(x) 9w+Prpk(x) Tpk QZmrpk(x) 0y dx

n . Yr=ebwb fL[Gh Top- (tmrop(x)+tgnrop(x))+glmrop(x)]dx (41)
P Yr=ebwb fo bor op(x) 9w+Pr op (XD Top'gz2,mr,0p(x)-0y dx
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~ _ Uy,i(x)

Uco,m,r,i(x) = w0 T (42)
J : +ﬁ7(ec_9co+9ad)
Cl L

vco,m,r,i(x) = mid(O, ﬁco,m,r,i(x); vc,i)» (43)

m € {SC,CNG,Li,Di}, i € {pk,op},r € {eb,wb},n € {1,2,3};

NUMERICAL APPLICATION

System Inputs

In this section, we apply continuum model to the 7" bus route, Yaan (City), China, where the first
supercharge bus route is in operation. The studied corridor is approximately 11 km in length, 21
stops in the east direction and 22 stops in the west, as shown in Figure 1. The bus’s peak-hour
cruising speed and off-peak hour cruising speed are given by Shu Tong Transportation Agency.
All the operator cost items are shown in Table 1 as follows:
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FIGURE 1 The No.7 bus route, Yaan (China)

TABLE 1 Cost Parameters of Four Transit Modes

Supercharge Cost Parameters

Parameters Value Source

$1-S infrastructure stop cost $0.47 Derived from Gu et al (2016), with additional

($/stop/h) construction cost 2,590,000 yuan for charging
facilities.




Su, Liu, Lu, Fan

Operating Costs (Distance)

Maintenance cost per veh-km $0.012 Shu Tong Transpotation Agency

Energy cost per km ($/km) $0.088 Electricity price 2018

$v, Cost per veh-km ($/veh-km) | $0.1

Operating Costs (Time)

Employees per vehicle 1.5

Average wage ($/h) $6.15 Yaan City average wage standard

Labour cost per hour $9.225

Vehicle cost ($) $257,353

Vehicle lifespan (years) 8

Depreciation cost per hr ($/hr) $6.3 Assumed straight-line depreciation, work 14 hr

per day

CNG Cost Parameters

Parameters Value Source
$1-S infrastructure stop cost $0.35 Derived from Gu et al (2016)
($/stop/h)
Operating Costs (Distance)
Maintenance cost per veh-km $0.02 Shu Tong Transpotation Agency
Energy cost per km ($/km) $0.238 CNG price 2018
$v, Cost per veh-km ($/veh-km) | $0.258
Operating Costs (Time)
Employees per vehicle 2
Average wage ($/hr) $6.15 Yaan City average wage standard
Labor cost per hour $12.3
Vehicle cost ($) $73,529
Vehicle lifespan (years) 8
Depreciation cost per hr ($/hr) $1.8 Assumed straight-line depreciation, work 14 hr
per day
Lithium-ion battery Bus Cost Parameters
Parameters Value Source
$1-S infrastructure stop cost $0.58 Derived from Gu et al (2016), with an
($/stop/h) additional cost 5,000,000yuan for supplement
equipment
Operating Costs (Distance)
Maintenance cost per veh-km $0.242 Shu Tong Transpotation Agency
Energy cost per km ($/km) $0.088 Electricity price 2018
$v, Cost per veh-km ($/veh-km) | $0.33
Operating Costs (Time)
Employees per vehicle 1.7
Average wage ($/hr) $6.15 Yaan City average wage standard
Labour cost per hour $10.455
Vehicle cost (3$) $235,294
Vehicle lifespan (years) 8

19
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Depreciation cost per hr ($/hr) $5.76 Assumed straight-line depreciation, work 14 hr

per day
Diesel Bus Cost Parameters

Parameters Value Source

$1-S infrastructure stop cost $0.35 Derived from Gu et al (2016)

($/stop/h)

Operating Costs (Distance)

Maintenance cost per veh-km $0.025 Shu Tong Transpotation Agency

Energy cost per km ($/km) $0.512 Diesel price 2018

$v, Cost per veh-km ($/veh-km) | $0.537

Operating Costs (Time)

Employees per vehicle 2

Average wage ($/hr) $6.15 Yaan City average wage standard

Labor cost per hour $12.3

Vehicle cost ($) $73,529

Vehicle lifespan (years) 8

Depreciation cost per hr ($/hr) $1.8 Assumed straight-line depreciation, work 14 hr
per day

In this analysis, four different vehicle types are considered, among which two of them are
clean-energy bus (i.e., supercharge bus and Lithium-ion bus), the others are conventional buses
(i.e., CNG buses and diesel buses). It should be mentioned that all the vehicles are 12m in length.
The emission standard for CNG bus and Diesel bus is both of China National IV standard. The
emission rates of conventional buses at different driving regimes are given in Table 2, the data is
adopted from previous studies (24-25) and is summarized below.

TABLE 2 Emission Rates of Pollutants at Different Driving Cycles

12m China National 1V CNG bus
Pollutant Idling Acceleration | Deceleration Constant velocity
NOy (9/s) 0.0036 0.0152 0.0071 0.0115
HC(g/s) 0.0012 0.0034 0.0021 0.0027
CO (gfs) 0.0211 0.0473 0.0303 0.0363
12m China National 1V Diesel Bus
NOy (9/s) 0.0226 0.0973 0.0503 0.0766
HC (g/s) 0.0013 0.0022 0.0014 0.0018
CO (g/s) 0.0070 0.0212 0.0069 0.0137

The boarding and alighting density function is obtained by using the on and off data which
is collected on 6™ April, 2017 by Shu Tong Transportation Agency. All the programming process
is performed on Matlab platform. Figure 2 shows the boarding and alighting densities along the
corridor in terms of different time periods (i.e., peak hour and off-peak hour).
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FIGURE 2 Boarding and alighting densities along the corridor in different time periods

The values of walking time, riding time, and waiting time are derived from (16), and are set
at 4.09%/hour, 1.64%/hour, 2.73%/hour, respectively. Passengers access/egress bus stop at 3.6km/h.
The time for opening and closing doors is 2s at each stop. According to the schedule provided by
Shu Tong Transportation Agency, in the day time, from 7:00 to 17:00, the headway in current
system is 7 min; and during the evening peak, which is 17:00-19:00, the service headway is 12min;
for 19:00-20:00, the service headway is 15 min; 20:00-21:00, the service headway prolonged to
20min.

Optimal Design Solution Analysis

Figure 3 presents the discretization of the bi-directional stop density functions for four transit
modes. We discretize the bi-directional stop density functions by locating stops when the integral
of its left boundary and right boundary is 1. Here, we take the center line of each stop spacing as
the left/right boundary. The detailed description of the discretization method is derived from (16).
In the Figure, the circles on the stop density curves represent the optimal location of stops and the
dash lines represent the boundaries of each stop coverage market. The system characteristics of
current and optimized 7" route in Yaan (City) are summarized in Table 3.
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(d) Diesel bus stop locations

In Table 3, we compare the optimal system costs of four vehicle types. The optimal results
indicate that when CNG buses are operating on the route, the system cost is the lowest. Note that

the cost gap between CNG buses system and supercharge buses system is slight (8080.9%/day vs.

8127.4%/day). Then, we discretize the optimal results based on CA approach and we obtain the real
results when CA models are applied practically, which are shown in the third row. Comparing with

the optimal results with discretized results, the outcomes of discrete models are in neighborhood
with that of CA models, with error less than 3%. In other words, if we employ the discretized

results on a real bus route, the system cost will be closed to optimal value, which verified the
applicability and accuracy of CA models. Finally, we compare the current system costs (detailed in
user cost, operator cost, and pollutant cost for conventional buses), with optimal results and
discretized results. Remarkably, the optimal results have saved more than 50% of the system cost,
especially in user cost.
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In terms of system design, comparing with the current route configuration, the average stop
spacing is increased by up to 31.3%. As for the service headway, the optimal headway in peak hour
is ranging from 6.55 min to 8.30 min with respect to vehicle type. Among them, CNG is the most
frequently emited bus type. According to optimal design, the optimal headway in peak hour has
been decreased by up to 31%, while in off-peak hour, the optimal headways are approximately

equal to the observed values in current system.

TABLE 3 System Characteristics of Current and Optimized 7™ route in Yaan

Supercharge Bus Route Design

System metrics Current corridor Optimal results Real results
hpear, Min 9.50 (weighted) 7.76 7.76
hoff—peak \Min 9.64 (weighted) 8.12 8.12
Spacing,;, km 0.52 0.65 (17 stops) 0.65
Spacing,,, ,km 0.55 0.61 (18 stops) 0.61
C, , $/day 14,081.0 5,567.4 5,540.5
Co , $/day 2,624.2 2,559.9 2,359.4
TC , $/day 16,706.2 8,127.3 7,899.9
Cost Saving, % na 51.3% 52.7%
Difference% (CA and | na 2.8%
discrete models)
CNG Bus Route Design

System metrics Current corridor Optimal results Real results
hpeak, Min 9.50 (weighted) 6.55 6.55
Roff—peak ,MiN 9.64 (weighted) 10.68 10.68
Spacing,p, km 0.52 0.65 (17 stops) 0.65 (17 stops)
Spacing,,;, ,km 0.55 0.61 (18 stops) 0.61 (18 stops)
C, , $/day 15,365.0 5,594.7 5,796.2
Co , $/day 2,165 2,398.2 2,412.7
Cp , $/day 252.1 88.0 91.3
TC, $/day 17,782.1 8,080.9 8,300.2
Cost Saving, % na 54.6% 53.3%
Difference% (CA and | na 2.7%
discrete models)

Lithium-ion Battery Bus Route Design
System metrics Current corridor Optimal results Real results
hpear, Min 9.50 (weighted) 8.3 8.3
hoff—pear ,MiN 9.64 (weighted) 10.3 10.3
Spacing,p, km 0.52 0.69 (16 stops) 0.69 (16 stops)
Spacing,,;, ,km 0.55 0.65 (17 stops) 0.65 (17 stops)
C, , $/day 14,320.0 5911.1 6,054.6
Co , $/day 3,223.1 2,818.0 2,880.2
TC , $/day 17,543.1 8,729.1 8,934.8
Cost Saving, % na 50.2% 47.8%
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24

Difference% (CA and
discrete models)

na

2.3%

Diesel Bus Route Design

System metrics Current corridor Optimal results Real results
hpear, MiN 9.50 (weighted) 7.60 7.60
hoff—peak \Min 9.64 (weighted) 12.89 12.89
Spacing,p,, Km 0.52 0.69 (16 stops) 0.69 (16 stops)
Spacing,,;, ,km 0.55 0.65 (17 stops) 0.65 (17 stops)
C, , $/day 16,130.0 6,305.8 6,146.9

Co , $/day 2,542.2 2,688.9 2,534.7

Cp , $/day 248.9 62.5 106.5

TC, $/day 18,921.1 9,057.2 8,788.1

Cost Saving, % na 52.1% 53.6%
Difference% (CA and | na 3%

discrete models)

The Effect of Coasting Regime
Previously, we have discussed the optimal values of stop density functions, service headways
(peak and off-peak hour), and system costs for different bus types. This part will focus on
analyzing the optimal value of coasting speed in different periods (peak hour and off-peak hour)
for four vehicle types and investigating the interrelationship of coasting regime on system cost.
The obtimized profiles of coasting speed with respect to different vehicle types in peak/off-peak
hours are presented as follows in Figure 4,5, respectively.
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From the two figures above, the optimal coasting speed profiles of four different vehicle
types in the same period have the similar trend, but with distinguishing differences in average
values. By discretizating the coasting speed functions, we can obtain the average values of
coasting speeds in peak/off-peak hour on two directions. The results are summarized in Table 4,
from which supercharge bus has the highest average coasting speed regardless of the time period.
By contrast, diesel bus has the lowest average coasting speed. The results are reasonable because
the diesel bus has the highest per-kilometer energy cost. In order to conserve energy, it’s more
beneficial to coast, as coasting regime will have less energy consumption than cruising regime. As
for supercharge bus, whose per-kilometer energy cost is slight, it’s more profitable to drive at
cuising speed in order to save travel time.

TABLE 4 Optimal Values of Coasting Speed in Different Periods on Two Directions

Vehicle Types Veoep IN PEAK V¢o,epin OFf-peak | v, p IN peak Veowpin Off-peak
(km/h) (km/h) (km/h) (km/h)

Supercharge 35.23 36.12 35.42 35.00

CNG 25.00 23.07 25.57 22.80

Lithium-ion 28.79 24.95 29.23 24.71

Diesel 20.52 16.81 21.14 16.50

Driving regimes have direct impact on operation cost. In light of this, a system-cost
comparison is conducted between optimized systems that introducing coasting regime and the one
without considering coasting regime. The results are concluded in Table 5 and the operation costs
in no-coasting system increase by up to 7%, while user costs decrease more than 12.9%, mainly in
access/egress cost. The reason is that, introducing coasting regime will reduce the number of stops
along corridor, leading to an increase in access/egress cost. However, the in-vehicle costs for two
models are in neighborhood (with difference less than 5%), which means the travel time is closed
for two systems, even when coasting regime is added. As a result, the distance traveled under
cruising regime (with higher per-kilometer cost) will decrease. That’s the reason why operation
cost will decrease when introducing coasting regime in the system. Thus, coasting regime has a
positive impact in view of operator, but passengers should accept a higher user cost. To summarize,
for clean-energy buses (i.e., supercharge buses and Lithium-ion buses), it’s more profitable to
drive at cruising speed, while for conventional buses (i.e., CNG buses and diesel buses),
introducing coasting regime is justifiable, considering the cost saving in operation and energy.

TABLE 5 System Cost with Coasting Regime vs. System Cost Without Coasting Regime

Supercharge Bus Route Design

System metrics No coasting regime With coasting regime
hpeak, Min 7.59 7.76

hoff—peak ,MiN 8.94 8.12

Spacing,p,, km 0.50 0.65

Spacing,,, ,km 0.48 0.61

C, , $/day 4,850.2 5,567.4

Co , $/day 2,762.2 2,559.9
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TC , $/day [7,612.4 8,127.3
CNG Bus Route Design
Ryear, Min 6.69 6.55
hoff—peak \Min 11.92 10.68
Spacing,p,, Km 0.50 0.65
Spacing,,, ,km 0.46 0.61
C, , $/day 4,931.7 5,594.7
Co , $/day 2,596.6 2,398.2
Cp , $/day 62.5 88.0
TC , $/day 7,590.8 8,080.9
Lithium-ion Battery Bus Route Design
Ryear, Min 8.12 8.30
hoff—peak ,MiN 11.95 10.30
Spacing,p,, kKm 0.52 0.69
Spacing,,;, ,km 0.50 0.65
C, , $/day 5,248.6 5911.1
Co , $/day 2,999.9 2,818.0
TC , $/day 8,248.5 8,729.1
Diesel Bus Route Design
Ryear, Min 7.94 7.60
hoff—peak ,MiN 15.40 12.89
Spacing,;, km 0.52 0.69
Spacing,,, ,km 0.50 0.65
C, , $/day 5,456.4 6,305.8
Co , $/day 2,671.5 2,688.9
Cp , $/day 270.6 62.5
TC , $/day 8,398.5 9,057.2

Cost Effectiveness Comparison

This part will analyze the life cycle cost for four vehicle types, which is from a macroscopic view.
From Table 3, we can find the most economical vehicle type is CNG buses. Historical data shows
that the maintenance cost for CNG and diesel bus will increase by year, even though their initial
capital cost is lower. As a result, the cumulative costs of conventional buses in a life span will also
be expensive. According to the maintenance cost data that Shu Tong Transportation Agency
provided, clean-energy buses have a constant maintenance cost but a high initial capital cost. Thus,
there exists a trade-off: which type is the most economical in a life span (8 years). Inspaired by the
previous studies (2, 26), which explored the varying maintenance cost by years in terms of diesel
buses and CNG buses by using monthly maintenance data, we can roughly analyze the life cycle
cost of our buses. The relationships of maintenance cost changing by year for diesel bus and CNG
bus are shown respectively:

y = 0.025 + 0.029 * z , which y is presented the cost of maintenance per kilometer ($/km) for
diesel bus, z is the bus age (years).
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y = 0.02 + 0.017 = z, which y is the maintenance cost per kilometer for CNG bus ($/km), z is the
bus age (years).

We investigated a cost comparison for four bus types as shown in Figure 6. The results present that
without including the pollutant cost into calculation, the cumulative costs of CNG bus will surpass
those of supercharge bus after 13" year. On the contrary, when pollutant costs for conventional
buses (i.e., CNG buses and diesel buses) are taken into consideration, supercharge bus will
outperform other bus types after 8 years, which is still out of a life span. Thus, clean-energy buses
are less competive than conventional buses unless the government provides subsidies.

cost comparison for 4 mode cost comparison for 4 mode
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FIGURE 6 Life-span cost comparison

CONCLUSION AND FUTURE EXTENSION
In this research, we developed a muti-period continuum approximation to optimize total cost
including user cost, operator cost, and pollutant cost, where environmental impact and various
driving regimes are explicitly considered. The proposed model is applied to four different vehicle
types to optimize stop locations and service headway. The optimization of a real-word bus route
results in significant reduction of total cost (over 50%). Comparing with current transit design, the
average stop spacing is increased by 31.3%, and the peak-hour headway is decreased by up to 31%.
The accuracy of proposed model is verified by a discrete model with error less than 3%. The huge
gap of total system cost between current design and optimized design indicates that current design
might not well fit the demand, adjustment should be done in terms of stop locations and headway.

To investigate the effect of coasting regime, the optimal coasting profiles and the average
values on two directions in multiple periods is compared in terms of different bus types. The
results indicate that clean-energy buses have a shorter coasting distance while conventional buses
need to coast longer in order to conserve energy. The analysis of the effect of coasting regime on
operation cost suggest that introducing coasting regime will reduce operation cost (by up to 7%)
but increase user cost (by up to 13%).

In the life-span cost effectiveness comparison amongst four different vehicle types, the
economic feasibility of supercharge bus has been discussed. On a life-span scale (normally 8
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years), the total cost of supercharge will be the lowest among four vehicle type after 8" years,
when pollutant costs are considered. It provides an insight that from the prespective of operator,
shifting conventional buses to new energy buses is not profitable unless subsidies are provided by
government.

For future extension, it is interesting to compare the stop-skip service with current all-stop
design. Additionally, the effect of coasting for different transit modes, such as rail and Bus Rapid
Transit (BRT) system can be further studied.

ACKNOWLEDGMENTS
This study is funded by the National Nature Science Foundation of China (NSFC 51608455). The
authors thank the Shu Tong Transportation Agency for providing the useful data for case study.

Author contribution statement:

“The authors confirm contribution to the paper as follows: study conception and design:

Yue Su, Guo Lu, Wenbo Fan; data collection: Yue Su; analysis and interpretation of results: Yue
Su, Wenbo Fan; draft manuscript preparation: Yue Su, Wenbo Fan, Xiaobo Liu. All authors
reviewed the results and approved the final version of the manuscript”

REFERENCES

1. Fastcompany:https://www.fastcompany.com/40506877/by-2018-every-bus-in-this-chines
e-megacity-will-be-electric

2. Feng, W., Figliozzi, M.A. Bus Fleet Type and Age Replacement Optimization: A
Case Study Utilizing King County Metro Fleet Data. Presented at the 12th
Conference on Advanced Systems for Public Transport. Santiago, Chile., 2012

3. Vuchic V. and Newell G. Rapid Transit Inter-stop Spacing for Minimum Travel
Time. Transportation Science, 1968. 2: 359-374.

4. Furth, P. G., Rahbee, A. B. Optimal Bus Stop Spacing Through Dynamic
Programming and Geographic Modeling. Transportation Research Record:
Journal of the Transportation Research Board, 2000. 1731: 15-22

5. Mekuria, M.C., P.G. Furth. Optimization of Spacing of Transit Stops on a Realistic
Street Network. Transportation Research Record: Journal of the Transportation
Research Board, CD-ROM. Transportation Research Board of the National
Academies, Washington, D.C., 2012, pp. 29-37

6. Ceder, A., Butcher, M., Wang, L. Optimization of Bus Stop Placement for Routes
on Uneven Topography. Transportation Research Part B, 2015. 74: 40-61

7. Ibarra-Rojas, O.J., Delgado, F., Giesen, R., Mufioz, J.C. Planning, Operation, and Control
of Bus Transport Systems: A Literature Review. Transportation Research Part B, 2015.
77: 38-75

8. Newell, G.F. Scheduling, Location, Transportation and Continuum Mechanics; Some

Simple Approximations to Optimization Problems. SIAM Journal of Applied Mathematics,
1973. 25: 346-360
9. Hurdle V.F. Minimum Cost Locations for Parallel Public Transit Lines. Transportation

Science, 1973. 7: 340-350.
10.  Wirasinghe S.C., Hurdle V.F., Newell G.F. Optimal Parameters for a Coordinated Rail and
Bus Transit System. Transportation Science, 1977. 11(4): 359-374.


https://www.fastcompany.com/40506877/by-2018-every-bus-in-this-chinese-megacity-will-be-electric
https://www.fastcompany.com/40506877/by-2018-every-bus-in-this-chinese-megacity-will-be-electric

O©CoO~NO O WDN PP

Su, Liu, Lu, Fan 30

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Wirasinghe S.C. Nearly Optimal Parameters for a Rail/Feeder-bus System on a
Rectangular Grid. Transportation Research Part A, 1980. 14(1): 33- 40
Wirasinghe S.C, Ghoneim NS. Spacing of Bus Stops for Many to Many Travel Demand.
Transportation Science 1981. 15: 210-221

Vaughan R. J. Optimum Polar Networks for an Urban Bus System with a
Many-to-Many Travel Demand. Transportation Research Part B 1986. 20:
155-224

Vaughan R.J., and Cousins E.A. Optimum Location of Stops On a Bus Route.
Presented at the Seventh International Symposium on Transportation and Traffic
Theory, 1977, pp. 697-716

Daganzo, C. Structure of Competitive Transit Networks. Transportation Research
Part B 44, 2010, pp. 434-466.

Medina, M., Giesen, R., Mufioz, J. Model for the Optimal Location of Bus Stops
and Its Application to a Public Transport Corridor in Santiago, Chile.
Transportation Research Record: Journal of the Transportation Research Board,
2013. 2352: 84-93

Gu, W., Amini, Z., Cassidy, M.J. Exploring Alternative Service Schemes for Busy Transit
Corridors. Transportation Research Part B, 2016. 93: 126-145

Fan, W., Mei, Y., Gu, W. Optimal Design of Intersecting Bimodal Transit Networks in a
Grid City. Transportation Research Part B, 2018. 111: 203-226

Daganzo, C. Logistic Systems Analysis. Springer, Heidelberg, 2005

Byrne, B.F. Cost Minimizing Positions, Lengths and Headways for Parallel Public
Transit Lines Having Different Speeds. Transportation Research, 1976. 10: 209—
214

Sivakumaran, K., Li, Y., Cassidy, M., Madanat, S., 2012. Cost-savings Properties
of Schedule Coordination in a Simple Trunk-and-feeder Transit System.
Transportation Research Part A, 2012. 46: 131-139

Amirgholy, M., Shahabi, M., Gao, H.O. Optimal Design of Sustainable Transit
Systems in Congested Urban Networks: A Macroscopic Approach. Transportation
Research Part E. 2017. 103: 261-285

Vuchic, V. Urban Transit Systems and Technology. John Wiley & Sons, Inc.,
Hoboken, NJ, 2007

Qu, H., Liu, X., Chien, S. Improving Vehicle Emission of Bus Transit with
Integrated Service and Different Vehicle Size. Presented at the 86th
Transportation Research Board Annual Meeting, 2015, Washington, DC

Yu Qian. Urban Diesel Bus Emission and Its Application. Doctor Dissertation,
Southeast University, 2016

Leslie, E., Matthew, P. Fuel Cell Buses in U.S. Transit Fleets: Current Status
2017.November, 2017. https://www.nrel.gov/docs/fy18osti/70075.pdf



