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Abstract

:

This paper proposes a bus line capacity optimization design model considering the scale of multiple vehicles, which is achieved by minimizing system operating costs and user costs. The proposed model takes into account the difference of passenger demand in different periods, and can get the optimal headway and delivery and reserve plan. In order to prove that the method can effectively minimize the cost, we solved a numerical example and compared the cost of the method in multi-transit model planning. Furthermore, the optimization results show that the total costs (TC) were reduced by 14.48%. Among them, the user costs (UC) decreased by 30.38% and the operator costs (OC) increased by 4.18%. Sensitivity analyses are presented to verify the validity of the model. The analysis results show that multi size bus optimization can reduce the total cost, especially the user cost in a certain cost weight interval. Besides this, the cost weight which reflects the passenger volume and waiting time value, optional bus size and cross-section passenger volume all affect vehicle scheme and system cost.
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1. Introduction


The vehicle is an important carrier to provide public transport services. The rational allocation of line capacity structure is the key to optimize the allocation of resources in public transport operation and management. Two problems should be considered in bus line capacity allocation, bus size and quantity, which have an important impact on the efficient operation of public transport and the quality and level of service perceived by the user. In the past, in-depth research on the optimum size and type of buses took place and a whole series of policies were developed which gave priority to public transport to try and deal with traffic congestion in large urban areas.



Walters [1] arrived at a conclusion for bus size in the situation of competition and points out the benefits of using small buses on public transport networks. Glaister [2] noted that small vehicles will often have a competitive advantage over the traditional size. On dense routes, they may operate in competition with larger vehicles offering a faster service at a premium price. There might be significant adverse effects on traffic congestion. Oldfield and y Bly [3] gave a mathematical model which can be solved analytically to provide an explicit relationship between optimal bus size and factors such as operating cost, level of demand, and demand elasticities. Lee et al. [4] determined the vehicle size for bus operations by using classical analysis optimization to minimize the total cost of operators and users, and by applying multi-dimensional optimization algorithms to minimize system costs. Fu and Ishkhanov [5] developed a heuristic procedure to determine the best fleet combination of paratransit agencies, and used real examples to show the relationship between the performance of paratransit system and vehicle size. Hybrid fleets can reduce the total cost of the system when the demand density varies greatly over time or space. Jara-Díaz and Gschwender [6] developed an optimization model for fleet sizes considering budgetary constraints. Dell’Olio et al. [7] proposed a bi-level optimization planning model with bus capacity restrictions to determine the size and frequency of buses on each line. Kim and Schonfeld [8] proposed an optimization model for variable bus service and analyzed the impact of changes in demand on the effectiveness of variable bus services. They applied a simple heuristic method to the solution, which is not suitable for large problems involving multiple areas and multiple vehicle types. Ceder et al. [9] proposed a multi-objective method to determine vehicle dimensions and schedule buses by minimizing the determined headway and the expected headway deviation as the first objective, and by taking the observed load and the expected load deviation as the second objective. Ibeas et al. [10] proposed an optimization model for designing the intervals (headways) and sizes of buses circulating on public transport networks by minimizing the system’s operating and user costs. The validity of the proposed model is shown by applying it to the city of Santander, Spain. Ibarra-Rojas et al. [11] summarized issues related to bus network planning and real-time control strategies applicable to the bus system. Vazquez-Abad and Fenn, L. [12] developed the required theory to implement a mixed optimization procedure to find the optimal fleet size under a stationary probability constraint. Sergio Jara-Díaz et al. [13] considered the peak and off-peak hours of public transportation to find the optimal fleet size, frequency and vehicle capacity. Li et al. [14] proposed an approach called new life additional benefit-cost to solve the mixed bus fleet management problem for maximizing the total net benefit of early replacement, where both the optimal fleet size and composition under budget constraints can be determined. Liang et al. [15] discussed the relationship between the standard deviation of bus departure intervals and the number of buses, and proposed a model to explore the number of buses on the route. AlKheder, S et al. [16] considered five different types of buses based on vehicle capacity and developed a model using integer planning with the goal of minimizing the total cost of the route, and applied it to the KPTC network with 35 lines and 457 buses. Liang et al. [17] presented a set of optimal control formulations to minimize the costs for the passengers and the bus company, taking into account the randomness of passenger arrivals and tested the effect of the optimization method. Tian et al. [18] proposed a modeling framework to determine the optimal bus fleet size and its assignment onto multiple bus lines in a bus service network considering uncertain demand and used mixed integer stochastic programming to formulate the problem. Jara-Díaz Sergio et al. [19] considered the differences in traffic conditions between peak and off-peak hours and raised a relevant strategic design choice regarding the potential use of vehicles with different sizes. Sun et al. [20] studied the development of a mixed integer non-linear model for optimizing multi-terminal CB service in an urban setting. A mixed bus fleet with various bus sizes was employed to accommodate passenger demand, which increases vehicle utilization and reduces supplier’s cost. Jiang et al. [21] proposed a mixed scheduling model for limited-stop buses and normal buses. This model can optimize the total cost in terms of waiting time, in-vehicle time and operation cost by simultaneously adjusting the frequencies of limited-stop buses and normal buses.



Existing research mostly solves the problem of a single-vehicle configuration. The same route or fleet considers fewer vehicle types and does not consider the difference in departure intervals of each vehicle type. Therefore, the contribution of this paper is to consider the difference in the departure intervals of each vehicle type to determine the optimal size of the multi-vehicle fleet, thereby reducing the total cost of bus system operation and users, at the same time improving the flexibility of public transportation supply.



In this paper, we propose a vehicle capacity optimization models which minimizes the cost both operator and user. The method allows differently sized buses to be assigned to one public transport line, and it is tested on real traditional transit line. The obtained results have shown that proposed method can reasonably configure the number and type of buses according to the passenger flow in different periods, and effectively reduce the cost of public transport system. The paper is organized as follows. Section 2 gives a formal description of the problem and puts forward all the assumptions and constraints used. Section 3 proposes the optimization model. Section 4 implements the optimization model to real traditional transit system. Lastly, Section 5 sums the results discusses areas of future research.




2. Problem Statement


In this section, the bus line capacity allocation problem in the bus system is explained. For simplicity, we make the following assumptions:




	(i)

	
It does not consider the situation of two-way departure, so as to ensure the circulation of public transport vehicles;




	(ii)

	
According to the passenger flow data, the bus operation time is divided into several periods, and the departure intervals are equal in the same period;




	(iii)

	
Bus vehicles run in normal order, and there is no overtaking or jumping phenomenon. Headway of the vehicle arriving at the station is equal to departure intervals each period.




	(iv)

	
Passengers arriving at the bus station are evenly distributed, and the public transit passenger flow is relatively stable at each time period. There is no passenger loss and all passengers can get on the car at one time;




	(v)

	
Bus speed is only related to road traffic conditions, and it does not consider the impact of traffic accidents or road construction, and the speed of the bus is equal in the same period of time.









According to assumption (i), the idealized model treats the bus route as a dynamical system with operating buses moving at a constant average velocity around a circular route of length, with a single depot. According to assumptions (ii) and (iii), at any point in period j, headway of bus size i is evenly distributed on this circuit as    h  j i    . Besides this, all vehicles belonging to one bus company start another service trip from and end at the same terminal.



Bus transport capacity should match the demand of passenger flow, and it is necessary to avoid both inadequate and waste of transport capacity. Bus capacity demand normally varies significantly by different time period like peak and non-peak hours. According to assumption (ii), the running time should be measured for individual time period. Classify the period considering the operating characteristics and passenger demand and the capacity allocation scheme is matched for the same period defined as j. The method of reference [16] can be used for period division.



Considering the longer service life of vehicles, the purchase of vehicles does not belong to the regular behavior, and based on the assumption (iv), the state of the transport reserve capacity of the bus is in a relatively stable state during a certain period. The vehicle allocation scheme of period j is based on passenger demand and operation characteristics during this period, and is restricted by existing reserve capacity. Therefore, this paper has to solve two problems: (1) vehicle reserve capacity and structure, and (2) vehicle allocation plan in different periods. Define    N ∗    as the reserve capacity set, and    n i ∗    is the reserve quantity of bus size i in the set. The reserve capacity    n i ∗    and the allocation capacity of bus size i in j period which is defined as    n  j i     conform to the following relation:


   n i ∗  ≥  n  j i    (   n i ∗  ∈  N ∗  , ∀ j , j ≤ J  )   



(1)




where J is the number of periods. To meet the passenger demand,    N j    is defined as the total number of vehicles allocated in the j period which should satisfy the following equation:


   N j  =   ∑  i = 1  I    n  j i      



(2)




where I is the number of bus size type. In order to meet the needs of vehicle cycle operation, based on the assumption (v),    h  j i     should satisfy the following equalities:


   β  i j   =  {      ∑  i = 1  I    n  j i    h  j i     =   2  L γ     v j  / 60         ∑  i = 1  I    m  j i    h  j i     = t  p j        ∑  i = 1  I    m  j i , p e a k    h  j i     = 60      



(3)




where    L γ    is the length of route r (km), vj is the average speed of bus in period j (km/h),    m  j i ,     represents departure number of bus size i in the period j (buses),   t  p j    is the length of period j (min),    m  j i , p e a k     represents departure number of bus size i in the peak-hour of period j (buses). The headway of the bus should meet the following conditions:    h  min   ≤  h  j i   ≤  h  max    , where    h  max     is the maximum headway (min) and    h  min     is the minimum headway (min).


   h  j i   ·  Q  j , p e a k   / 60 ≤  q i  ·  η  j i    



(4)







   m  j i , p e a k    ,    m  j i     can be expressed as:


   {     m  j i , p e a k   =  M  j , p e a k   ·  n  j i   /  N j       m  j i   =  M j  ·  n  j i   /  N j       



(5)







   M  j , p e a k    ,    M j    can be expressed as:


   {     M  j , p e a k   =  M j  · 60 / t  p j       M j  =  N j  · t  p j  ·  v j  / ( 120  L r  )      



(6)




where    M  j , p e a k     is the departure number of all bus size in the peak-hour of period j (buses).    M j    is the departure number of all bus size in the period j (buses).



Similarly, get down:


   {     m  j i , p e a k   =  m  j i   · 60 / t  p j       m  j i   =  n  j i   · t  p j  ·  v j  / ( 120  L r  )      



(7)







Length of departure time interval of bus size i within period j can be expressed as:


  t  p  j i   = t  p j  ·    m  j i    q i      ∑  i = 1  I    m  j i    q i       



(8)







Then    h  j i     can be expressed as:


   h  j i   = t  p  j i   /  m  j i    



(9)







Meanwhile, the maximum passenger flow that can be transported by public transport capacity    N j    should be matched with    Q  j , p e a k     which is the peak-hour cross-section passenger volume in period j (PCPV) (pax/h). The formula is as follows:


   Q  j , p e a k   ≤   ∑  i = 1  I    q i   η j   m  j i , p e a k      



(10)







It can be expressed as:


   Q  j , p e a k   ≤    η j   v j    ∑  i = 1  I    q i   n  j i       2  L r     



(11)




where    q i    is the capacity of bus size i (pax/bus),    η j    is the fulfill load proportion in period j and it meets the following conditions:    η  min   ≤  η j  ≤  η  max    , where    η  max     is the maximum fulfill load proportion and    η  min     is the minimum fulfill load proportion.




3. Proposed Model


3.1. Definition of Variables


The following symbols are used in this paper:




	
  c p   = hourly cost of personnel (¥/h);



	
  c  f i    = unit fixed cost per h of bus size i (¥/h/bus);



	
  c  k i    = unit cost per km covered by bus size i (¥/km);



	
   h  j i     = headway of bus size i within period j (min);



	
   h  max     = maximum headway (min);



	
   h  min     = minimum headway (min);



	
i = bus size type;



	
I = number of bus size considered;



	
j = period type;



	
J = number of period considered;



	
   q i    = capacity of bus size i (pax/bus);



	
   m  j i     = departure number of bus size i in period j (buses);



	
   M j    = total departure number of buses in period j (buses);



	
   Q j    = passenger volume in period j (pax);



	
   Q  j i     = passenger flow borne by bus size i in period j (pax);



	
   Q  j , p e a k     = cross-section passenger volume in period j (PCPV) (pax/h);



	
   n  j i     = number of bus size i in period j (buses);



	
   n i ∗    = number of bus size i provided (buses);



	
   N j    = total number of buses in period j (buses);



	
   L r    = length of route r (km);



	
  O C   = operator costs of route r (¥);



	
 r  = public transport route;



	
  t  p j    = time length of period j (min);



	
  t  p  j i     = length of departure time interval of bus size i within period j (min);



	
  T C   = total costs of route r (¥);



	
  U C   = user costs of route r (¥);



	
   v j    = average speed of bus in period j (km/h);



	
 α  = weight coefficient of user costs;



	
 β  = weight coefficient of operator costs;



	
   η j    = the fulfill load proportion in period j;



	
 φ  = value of waiting time (¥/h).









3.2. Mathematical Model


The optimization model of transit route capacity allocation is proposed based on minimizing the cost function for the users of the bus route and the running of the public transport service. This model objective function is total cost (TC), which takes into account the costs of public transport users (UC) and the operating costs of the public transport operating company (OC).



The user costs consist of access/egress times to and from bus stops, as well as waiting time, including in vehicle times and transfer times. Some costs such as access/egress times to and from bus stops, in vehicle and transfer times can be regarded as constant for a fixed route system. Based on the hypothesis (iv), the waiting time is a function of passenger volume and headway which are calculated as:


  T W T =   ∑  j = 1  J     ∑  i = 1  I    h  j i    Q  j i   / ( 2 · 60 )      



(12)




where    Q  j i     is the passenger flow borne by bus size i in period j, it can be calculated as:


   Q  j i   =  Q j  ·    m  j i    q i      ∑  i = 1  I    m  j i    q i       



(13)







According to the Formulas (7)–(9),    h  j i     can be expressed as:


   h  j i   =   120  L r   q i     v j    ∑  i = 1  I    n  j i    q i       



(14)







According to Equations (6), (11)–(13), the user cost of waiting time is equal to:


  U C =   ∑  j = 1  J     ∑  i = 1  I     φ  n  j i    Q j   L r   q i    2     v j    (   ∑  i = 1  I    n  j i    q i    )  2         



(15)







The operating costs (OC) are the sum of direct costs plus indirect costs. The direct cost includes three factors: rolling cost (km coverage) (CK), personnel cost (CP) and fixed cost (CF). In previous research, it was found that indirect cost (CI) is about 12% of direct cost [22]. Then the operating costs can be calculated as:


  O C = 1.12 ( C K + C P + C F )  



(16)







The total cost of the kilometers covered is equal to:


  C K =   ∑  j = 1  J     ∑  i = 1  I   2  L r   m  j i   c  k i       



(17)







According to Equations (6) and (16), the total cost of the kilometers covered can be written as:


  C K =   ∑  j = 1  J     ∑  i = 1  I    n  j i   t  p j   v j  c  k i  / 60      



(18)







Personnel costs are calculated as:


  C P =   ∑  j = 1  J   t  p j   N j  c p / 60    



(19)







According to Equation (2), personnel costs can be written as:


  C P =   ∑  j = 1  J     ∑  i = 1  I   t  p j   n  j i   c p / 60      



(20)







Based on the number of buses required to provide the service, the fixed costs are calculated using the following formula, which can be expressed as:


  C F =   ∑  j = 1  J     ∑  i = 1  I    n i ∗  c  f i    t  p j  / 60    



(21)







The term fixed costs as used here is a cost function, which only applies to the bus size and the number of buses. It covers the costs of financing, insurance, and annual taxes generated by a vehicle of a certain size of buses. To be included in the objective function, a theoretical unit cost is calculated by dividing these annual costs of these vehicles by their annual service hours.



Based on this description, the optimization problem can be formulated as follows:


  min T C = α U C + β O C  



(22)






    min T C =     ∑  j = 1  J     ∑  i = 1  I     α φ  n  j i    Q j   L r   q i    2     v j    (   ∑  i = 1  I    n  j i    q i    )  2        + 1.12 β (   ∑  j = 1  J     ∑  i = 1  I    n  j i   t  p j   v j  c  k i  / 60     +        ∑  j = 1  J     ∑  i = 1  I   t  p j   n  j i   c p / 60     +   ∑  j = 1  J     ∑  i = 1  I    n i ∗  c  f i    t  p j  / 60   )    



(23)







Subject to:


     Q  j , p e a k   ≤  η j   v j    ∑  i = 1  I    q i   n  j i     / 2  L r       n i ∗  ≥  n  j i        h  min   ≤   120  L r   q i     v j    ∑  i = 1  I    n  j i    q i      ≤  h  max        η  min   ≤  η j  ≤  η  max      



(24)








3.3. Solution Methods


The optimization model in the previous section is non-linear. A solution algorithm for the optimization model is required to solve the problem and obtain the optimum solution. Thus, an exhaustive search method was selected. We used the genetic algorithm to determine the optimum transit route capacity    n i ∗    and    n  j i    . The total cost of transit system is used as the fitness. If the individual satisfies all the constraints, the bus assignment process of the optimal strategy is carried out for each individual to determine the corresponding fitness value, calculate the optimal solution under the two objective functions, and select the minimum value as the final solution. Figure 1 illustrates the solution algorithm for the above objective function.





4. Numerical Analysis


In order to prove that the proposed method can efficiently minimize the cost, we solve a numerical example and compare the cost of this method in multi bus size program. In addition, we analyze sensitivity to important input parameters. In the following sections, a numerical case study and sensitivity analyses are given.



4.1. Base Case


4.1.1. Inputs Values


In the base numerical case, we take a bus line which is shown in Figure 2 in Changchun as an analysis object. The current bus model of the line is size 2, 30 vehicles. The number of vehicles operating during period 1 and 2 is 30 and 12 respectively, and the other required input parameters are presented in Table 1.




4.1.2. Results of Base Case Study


The detailed results are shown in Table 2 (PCP method), including vehicle sizes and number, optimal headways, and corresponding costs. After the optimization of transport capacity, size 1, 2 and 6 of vehicles were selected and the number of vehicles decreased. The optimization results show that the total costs (TC) were reduced by 14.48%. Among them, the user costs (UC) decreased by 30.38% and the operator costs (OC) increased by 4.18%. Rolling costs (CK) and CP increased by 51.70% and 38.33% respectively, and CF decreased by 17.10%. This result shows that operating multiple sizes of buses can reduce the total cost in the case of significant demand changes.





4.2. Sensitivity Analysis


In this section, a sensitivity analysis reveals the role played by various important input elements and show how the total cost and other optimized characteristics change from the baseline value, and how they change in different alternatives.



4.2.1. Cost Weight


The cost weight indicates the importance to the user cost and operator cost, and the parameter  α  also reflects the change of passenger volume    Q j    and unit waiting time value  φ  to a certain extent. For parameter  α , Figure 3 shows relevant weighted cost variations. The sensitivity analysis results in Figure 1 show that with the increase of  α , OC, CK, CP and CF all showed a decreasing trend, but UC showed an increasing trend. TC first increased and then decreased. Moreover,  α  = 0.4 is the inflection point of TC and UC, and  α  = 0.5 is the inflection point of OC, CP and CK.



Figure 4 shows relevant unweighted cost variations. It shows that with the increase of  α , OC, CK, CP and CF all showed an increasing trend, but TC and UC showed a decreasing trend.  α  = 0.2 is the inflection point of TC,  α  = 0.5 is the inflection point of UC, OC, CK, CP, CF, when  α  > 0.5, the unweighted cost items tend to be stable. The increase of parameter  α  is equivalent to increasing passenger flow or waiting cost. At this time, the frequency of departure should be increased, the interval of headway should be reduced, as shown in Figure 5, and the cost of passengers is reduced and the total cost should be minimization at the end, but the operation cost will increase accordingly.



Figure 6 shows the number of different bus size variations. It shows that when  α  is smaller, the types of vehicle types are abundant. With the increase of  α , the vehicle types become more and more single, and the number of size 1 increases. When   α < 0.5   size 1, 2 and 6 (Transport capacity is 30, 60, 180, respectively.) are put into use, and    n i ∗    =    n  1 i    . When   α ≥ 0.5  , size 1 and 6 are put into use, of which size 1 is far more than vehicle 6, and    n i ∗    =    n  1 i    . Because of the increase of passenger cost and weight, small vehicles can be used to reduce the departure interval, so as to reduce the user cost.




4.2.2. Optional Bus Size


We divided the optional vehicle size into 11 groups. According to the optimization model, we can determine the optimal vehicle type and quantity and calculated the related costs of transport capacity scheme in each group. Figure 7 shows that, except for size 1, the total cost of other optimization results increases first and then decreases. Regardless of the value of  α , all size has the lowest cost. When  α  < 0.2, the cost of all size, size 5 and size 345 is lower, which is a better combination. When  α  > 0.5, the cost of all size, size 123, and size 1 is lower, which is a better combination. Because of the given passenger flow demand and minimum headway constraints, only size 1 cannot meet the transport demand, that is, if only size 1 of the vehicle is put into circulation, the headway based on the number of launch vehicles is less than the given lower limit of headway. When   α ≤ 0.2  , there is no obvious change regulation in the total cost of the schemes. When   α > 0.2  , the total cost of multi-bus-size groups is less than that of a single-size vehicle, and the total cost of the small vehicle group is smaller than that of the medium and large vehicle scheme group.




4.2.3. Cross-Section Passenger Volume


Cross-section passenger volume    Q  j , p e a k     is important in this study because it affects the optimized number and size of buses and related cost. In the case of   α = 0.4  , the impact of    Q  1 , p e a k     changes on vehicle configuration    n  j i     is analyzed, as shown in Figure 8. It shows that in the case of passenger volume    Q j    unchanged, with the increase of    Q  1 , p e a k    , the vehicle number of size 1 gradually decreased, and number of size 2 and 6 increased gradually in period 1. Within period 2, the vehicle number of size 1 gradually decreased, and number of size 2 gradually increased. With the increase of cross-section passenger volume    Q  1 , p e a k    , the minimum system cost can be obtained by investing in larger size vehicles.



Total cost variations with parameter    Q  j , p e a k     are shown in Figure 9. It shows that all cost curves are increased first and then decreased with parameter  α . For each  α  value, with the increase of    Q  1 , p e a k    , the total cost gradually increases for increasing of the number vehicles invested; with the increase of  α , the total cost gap of the scheme gradually decreases due to the convergence of vehicle schemes.






5. Conclusions


The primary purpose of this paper is to minimize the bus line cost by optimizing the vehicle type and quantity considering multi-bus-size. User cost and operation cost are considered in the proposed model objectives. Two methods are proposed to calculate the headway. According to the applicable conditions of the two methods, the scheme with the smallest target value is selected as the optimal solution in the numerical analysis. Then a base numerical case study and sensitivity analyses are presented to verify the validity of the model. The numerical examples shows that the multi size bus optimization can reduce the total cost, especially the user cost. Sensitivity analysis shows that weight has a greater impact on cost, and  α  = 0.2 and  α  = 0.5 are decision turning points. When bus line passenger flow or waiting time value is increased, more vehicles should be properly allocated to reduce the departure intervals, and the cost reduction of the users is greater than the operating cost, then the total cost of the system should be minimized. When the passenger flow is small, it is suitable to invest in the car with a smaller size. When the passenger flow is large, restricted by the lower limit of the headway, the combination of the smaller and larger size bus is more conducive to reducing the total cost of the system. When the passenger flow is increased to a certain extent, the more flexibly the vehicle size can be chosen, the more the system cost can be minimized by the rational allocation of the transport capacity, and the smaller size vehicle is more beneficial to reduce the cost of the system. The maximum cross-section passenger flow in each period directly affects the transport capacity of each period. With the increase of maximum cross-section passenger flow, the number of small cars gradually decreases, and the number of larger cars gradually increases. Under the same passenger flow of the bus line, the smaller the maximum cross-section passenger flow is, the smaller the system cost is, that is, the balanced passenger flow demand is beneficial to reduce the system cost. Then, the smaller the difference between total passenger flow and maximum cross-section passenger flow, the more obvious the trend of system cost reduction. We will incorporate uncertain demand and instability of vehicle operation in our future work. In this paper, only the multi-model vehicle distribution of a single bus line is considered, and it can also be used to solve the multi-model vehicle distribution problem of the regional bus network, which means that it is not only a single line, but the capacity can be shared. Besides this, we will consider multiple bus lines belong to the bus company and optimize the total fleet size serving different bus lines.
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Figure 1. Solution algorithm. 






Figure 1. Solution algorithm.
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Figure 2. The bus line map. 
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Figure 3. Weighted cost variations with parameter. 
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Figure 4. Unweighted cost variations with parameter  α . 
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Figure 5. Headway variations with parameter  α . 
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Figure 6. Number of different bus size variations with parameter  α . 
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Figure 7. Total cost variations with different optional bus size groups. 
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Figure 8. Number of different bus size variations with parameter    Q  1 , p e a k    . 
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Figure 9. Total cost variations with parameter    Q  1 , p e a k    . 
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Table 1. Related information on bus lines.
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	Parameter
	Unit
	Numerical Value (i = 1, 2, 3, 4, 5, 6 or j = 1, 2)





	    q i    
	pax/bus
	30, 60, 90, 120, 150, 180



	   c  f i    
	¥/h/bus
	15, 24, 32, 36,37, 42



	   c  k i    
	¥/km
	0.49, 0.71, 0.82, 1.04, 1.22, 1.40



	    Q j    
	pax/h
	15,000, 20,000



	    Q  j , p e a k     
	pax/h
	2000, 500



	   t  p j    
	min
	240, 600



	    v j    
	km/h
	15, 20



	    η j    
	1
	1.3, 0.7



	    c p    
	¥/h
	15



	  φ  
	¥/h
	25



	    h  max     
	min
	20



	    h  min     
	min
	2



	    L r    
	km
	10



	  α  
	1
	0.5



	  β  
	1
	0.5
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Table 2. Optimization results of base case.






Table 2. Optimization results of base case.





	
Parameter

	
Unit

	
Value




	
Before Optimization

	
After Optimization

	
Savings (%)






	
    n i ∗    

	
bus

	
   n 2 ∗    = 30

	
   n 1 ∗  = 20 ,    n 2 ∗  = 2 ,    n 6 ∗    = 6

	
/




	
    n  j i     

	
bus

	
   n  12   = 30 ,    n  22     = 12

	
   n  11   = 20 ,    n  12   = 2 ,    n  16   = 6 ,    n  21   = 20 ,    n  22     = 2

	
/




	
    h j    

	
min

	
   h 1  = 2.5 ,    h 2    = 5.0

	
   h 1  = 2.9 ,    h 2    = 2.8

	
/




	
TC

	
¥/day

	
21,808.71

	
18,651.00

	
14.48




	
UC

	
¥/day

	
11,775.00

	
8197.89

	
30.38




	
OC

	
¥/day

	
10,033.71

	
10,453.11

	
−4.18




	
CK

	
¥/day

	
1284.27

	
1948.27

	
−51.70




	
CP

	
¥/day

	
2257.92

	
3123.46

	
−38.33




	
CF

	
¥/day

	
6491.52

	
5381.38

	
17.10
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