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Abstract - As the elderly population rises and the development of social welfare, more attention is being focused on the 
elders and disabilities to their transportation demand, but the traditional bus with a fixed schedule can’t offer door-to-door 
service. Therefore, On-demand bus was promoted. To make the problem more realistic, this paper focuses on real-time 
scheduling, and summarizes two main effect factors while scheduling of bus routes: (i) dynamic customers; (ii) uncertainty 
of traveling time; these two kinds of the problem will be solved in this paper.Problem 1 is a deterministic problem which 
only considered (i); Problem 2 is a stochastic problem which combined both (i) and (ii). In this paper, a multi-objective 

mathematical model of dynamic on-demand bus scheduling is built to balance the total cost and service levelunder 
uncertainty. At last, the realistic data from map is set to verify the effect of the proposed method.In problem 1, the effect of 
soft time window proposal is compared with a hard time window, and the solution quality of proposed method HHA is 
evaluated by comparing with traditional GA and GA + Nearest Neighbor method. In problem 2, the robustness and 
calculation time of scenario based HHA is also discussed.The results show that HHA is better than GA in deterministic 
problem, and scenario-based HHA is more robust than GA under the same uncertainty in the stochastic problem. 
 

Keywords - On-demand Bus, Dynamic Customers, Stochastic Traveling Time, Genetic Algorithm, Local Search. 

  

I. INTRODUCTION 

 

In Taiwan, the ratio of the population aged 65 and 

over to the total population reached 14.1% at the end 

of March 2018. That is to say, one out of seven 
people is an elderly person. Taiwan officially 

announced its entry into the "aged society". One of 

the problems that aged society brought is the 

transportation demand, especially for the elderly who 

cannot drive or who have some mobility problem.But 

traditional bus with the fixedroute cannot offer door-

to-door service, it’s hard to solve the problem which 

caused by aged society, so we need to improve the 

traditional bus, to operate smarter and bring more 

convenience and also solve traffic congestion. 

Therefore, On-demand Bus was promoted. 

 
On-demand bus is a form of Demand-responsive 

transport, also known as demand-responsive transit 

(DRT), Dial-a-Ride transit (DART).DRT is any kind 

of transportation, and its daily service is determined 

by the needs of its users. The system can work in 

different ways, but the most common ones are as 

follows: the customer booking the reservation service 

at their location and can be picked up at the same 

place if availability allowsthen takes them to 

wherever they want to go, the system has the ability 

to respond more directly to the mobility requirements 
of passengers. 

 

In conventional vehicle routing problem (VRP), in 

order to simplify the problem most of them assume 

that customer data is known and fixed, such as 

customer location, demand, traveling time, etc. As far 

as practical operations are concerned, this seems to be 

a near-perfect ideal. Therefore, to make the problem 

more closely to the reality, in this paper we also take 

into accounttwo main effect factors while scheduling 

of bus routes: (i) dynamic demand ; (ii) uncertainty of 

traveling time; These two problems will be describe 

in section 2. There are four research goals in this 
paper: First, establish the novel Dynamic Vehicle 

Routing Problem (DVRP) of on-demand bus model 

with multi-objective to balance the total cost and 

customer service with time window requirements. 

Second, propose the hybridized solving method 

which combines Genetic Algorithm (GA) and local 

search (LS) for real-time route scheduling. Third, 

propose the robust route scheduling to reduce the 

delay time and the effect of customer service under 

uncertainty. At last, evaluate the effectiveness and 

advantage of the proposed model and method by 

using case study. 
 

II. PROBLEM DESCRIPTION 

 

2.1. Problem 1- Dynamic on-demand bus problem 

with time window 

There is an On-demand bus scheduling system, which 

is able to receive the dynamic order of customers 

during the distribution time. Dynamic customers will 

reveal randomly in the run time with the information 

of pick-up site and drop-off site also their desire pick-

up time window. We can judge the dynamic customer 
to accept or not by considering the current bus 

location and remaining customers, if there is a 

feasible solution, then accept this customer and 

propose the soft time window proposal to minimize 

the expansion of this time window if the original time 

window is too narrow.If there is no feasible solution, 

then we refuse this customer. Problem 1 is the 

deterministic problem which includes the dynamic 
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customers, pick up time window, and the fixed 

traveling time, and we schedule the route by 

considering the total cost (traveling cost and fixed 

cost), and the service level (calculate by delay time). 

 

2.2. Problem 2- Dynamic on-demand bus problem 

with time window and uncertainty 

Problem 2 is the stochastic problem based on problem 

1 and includes the uncertainty of traveling time. 

Therefore, not only take into account the total cost 

and service level but also we need to schedule the 

route by considering the uncertainty of traveling time 

to find robust scheduling route to reduce the delay 

time also reduce the effect of an uncertain bus 

traveling time on customer service. In this paper, we 

used chance constraint programming to handle the 

problem with stochastic. 
 

2.3. Mathematical Formulation 

Notations: 

The central depot is denoted by {0} 

Set of dynamic pick up locations P =  1,2, . . , n  

Set of dynamic drop off locations D =  n + 1, . . ,2n  
N = P ∪ D 

Set of buses,v ∈ V =  1, . . , k  

Time period, tp(p = 1,2, … , T) 

Nc tp =set of critical sites in the tp   period (see 

Fig .1.) 

Nu tp =set of unassigned sites(remaining sites) in 

the tpperiod 

Nc0 tp = set of critical sites and depot in the 

tpperiod 

Nu0 tp =set of unassigned sites and depot in the 

tpperiod 

Ncu 0 tp =set of critical sites, unassigned sites and 

depot in the tpperiod 

dij = distance between site i and site j 

tij = traveling time from  site i to site j. with normal 

distribution in problem 2tij ~N(tij , σ
2

ij ) 

ati = arrival time at site i 

[ei , li] =lower bound and upper bound of soft pick up 

time window for site i 

d =maximum acceptable delay time for customers  

sli =service level at site i 

Service level is calculated by the delay time of time 

window: 

sli =

 
 

            1             ,    ati ≤ li                    

1 − (
at i −li

d
)      ,    li < ati < li + d  

        0             ,     li + d ≤ ati       

 

 (1) 

ldi =load at site i 

Li
v =load of bus v after servicing site i 

Qv =capacity of bus v 

TC = traveling cost. (per km) 

FC= fixed cost for each bus 

α =confidence level 

β =threshold of service level  

Xij
v

=  
1,  if bus v is departs from site i toward site j.  

0,  otherwise.                                                               
  

 

 
 

Objective functions: 

 

Min f1 X =
     TC ×     dij Xij

v
v∈Vj∈Nu 0 tp  i∈Ncu 0 tp  

T
tp =1

+

+ FC ×    X0j
v

v∈Vj∈Nu  tp  
T
tp =1

  (2) 

 

Max f2 X =
 sl i

n
i=1

  X ij
vk

v =1
n
i=1

                                         (3) 

There is a multi-objective function in our model. 

Objective function (2) is total cost which consists of 

traveling cost and the fixed cost of each bus. 

Objective function (3) is the average service level, 

which calculated by the delay of each customer’s 

time window. 

Constraints: 

 X0j
v

j∈Nu  tp  ≤ 1  ;  Xi0
v

i∈Nu  tp   ≤ 1,   ∀ v ∈ V (4) 

  Xij
v

v∈Vj∈N = 1,   ∀i ∈ Ncu  tp ∧ i ≠ j (5) 

  Xij
v

v∈Vi∈N = 1,    ∀j ∈ Nu tp ∧ j ≠ I (6) 

 Xi,k
v −i∈P  Xk,i+n

v = 0 ,   ∀k ∈ N ,  ∀v ∈ V (7) 

ati + ti,i+n ≤ ati+n ,    i ∈ P  (8) 

ldi ≤ Li
v ≤ Qv     (9) 

atj =   (ati + tij ) × Xij
vk

v=1
2n
i=0  ,  ∀ j ∈ N (10) 

Pr    
 sl i

n
i=1

  X ij
vk

v =1
n
i=1

 ≥ β ≥ α ,  i ∈ P  (11) 

Xij
v ∈  0,1     (12) 

The depot constraint (4) describes that each bus 

should starts and endsat a depot. Constraint (5) and (6) 

describe that all sites must be visited. Constraint (7) is 

the pairing constraint which ensure pick up site and 

drop off site should be serviced by the same bus. 

Constraint (8) is precedence constraint to ensure 

arrival time at pick up site plus directed traveling 

time should early or equal than arrival time at drop 

off site. Constraint (9) is the capacity constraint. In 
constraint (10) arrival time at site j means the time 

that arrival at site i plus the traveling time between i 

to j. since the traveling time is a random variable so 

the arrival is also a random variable, and sli is 

calculated by ati , so we transform the uncertainty to 

the chance constraint in (11). Constraint (11) is the 

chance constraint for problem 2 that means the 
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average service level must over β with a given 

confidence level α. In constraint (12) Xij
v  is the binary 

variable, when the route passes from site i to site j by 

using bus v, the value Xij
v  will be 1,otherwise the 

value will be 0. 

 

III. SOLVING METHOD 

 

3.1. Proposed method in problem 1 

We propose a Hybrid Heuristic Algorithm (HHA) 

which combines the advantage of Genetic Algorithm 

(GA) and Local Search (LS). Not only add the local 
search into the traditional GA, but also using the 

nearest neighbor method to generate the initial 

population rather than randomly.  

 

HHA consist of six parts:generate initial 

population,fitness function, selection,crossover, 

mutation and 2-opt, more details are described as 

follows: 

 

Generate initial population: 

In Fig.2,u represents the new customer, r is the radius 
of searching space which is predefined, to generate 

the initial population is by the following step: First, 

calculate the distance between remaining customers 

and new customer and ascending sort by distance. 

Second, insert the new customer to the planned route 

by distance in the searching space. Third, if the 

population is not enough, then filled it by randomly 

generate the initial population. 

 
Fig.2. Generate initial population by nearest neighbor method 

 

The merit of this idea is that we narrow the whole 

solution space into space which near to the new 

customer to increase the probability to find the good 

fitness of the population and find the feasible solution 
easily, unlike the traditional GA when the new 

customer revealed, GA randomly generate the 

population in the whole solution space, it is more 

harder to find the feasible and better population than 

our nearest neighbor method, we will discuss in 

experiment 2. 

 

Fitness Function: 

Because our two objective functions are the different 

data, so first we use min-max normalization to 

normalize the total cost mapped to the range 0 to 1, 

and then we can calculate the fitness with total cost 

and service level by using equation as below: 

Fitness= 1 −  ω1
Ci−Cmin

Cmax −Cmin
+  ω2(1 − f2(x)) (13) 

The notations of ω1 and ω2 are the weight sum of the 

objective function. Ci is the current solution for 

individuali, Cmin  and Cmax  is the lowest cost and the 

highest in all individuals. f2(x)is the service level, we 

hope the service level is as large as possible, so we 

use 1 to minus f2(x) to get higher fitness. 

 

Selection: 

In selection, first we use the elite strategy to reserve 

the top 20% of individuals directly into the next 

generation without any change (crossover and 

mutation), then select individuals to enter cross over 

and mutation by using Roulette Wheel Selection. 
 

Crossover: 

The type of crossover used is the one-cut-point 

crossover. At this crossover types, starting with 

determining the second parent (parent individuals) 

and the cutoff point. A point on both parents' 

individuals is picked randomly and designated a “cut 

point”. Bits to the right of that point are swapped 

between the two parent individuals.Notice that, after 

doing crossover we need to adjust these individuals to 

keep it feasible. 
 

Mutation: 

To increase the diversity, we swap two pairs of pick 

up site and drop off site, same as a crossover process, 

it may be an infeasible solution such as violate the 

precedence constraint, therefore, we need to adjust 

these sites to ensure the feasible solution. 

 
Fig.3. Mutation process 

 

Local search: 2-opt 

In this paper, the 2-opt randomly removes two edges, 
reconnecting them so they cross. This is called one 

“run”, in order to get the better solution we execute 

30 runs at each generation after doing traditional GA. 

If the current optimal solution can be improved then 

we update the solution, if not, then we keep the old 

one. 

 

3.2. Proposed method in problem 2 

In the stochastic problem 2, we add the chance 

constraint into our model, and handle it by including 

Monte Carlo simulation into HHA to find the robust 

routing solution which has the ability to reduce the 
effect of uncertainty. In simple words, Monte-Carlo 

Simulation is used to approximate the probability of 

certain outcomes by running multiple trial runs. 
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In Fig.4, we describe the flow of solving chance 

constraint by using Monte Carlo simulation. As each 

new customer appeared we do the simulation once. 

First, we gather candidate solutions from individuals 

of GA. Second, execute these individuals into random 

scenarios of traveling time which follows the normal 
distribution to simulate the uncertainty of traveling 

time.Third, made thecandidate list for the feasible 

individuals which satisfy the chance constraint. At 

last, choose the solution with the highest fitness in the 

candidate list, and then we can get the robust routing 

solution in this processsince we consider the 

uncertainty and ensure the service level over β % will 

hold at least with the probability α (confidence level) 

through the chance constraint. 

 
Fig.4. Flow chart of solving chance constraint 

 

IV. EXPERIMENT 
 

4.1. Case data and parameter setting 

We get the distance data from Kaohsiung City, 

Taiwan. We select 30 pickup sites which is far away 

from public transportation and 30 different 

destinations (drop off sites) for each dynamic 

customer, all customers are in the area of the square 

of 10km × 10km, shown in Fig.5.We assume the 

dynamic customer is revealed one by one, and the 

request of the time window at pick up site is 

generated randomly, but the length of the window is 

30 minutes. The criteria of refuse customer: when we 
can not get the feasible solution in GA or HHA after 

including the new customer, we refuse this customer. 

The bus should start and finish at the bus station 

within the business hours (0~480 min). There are 3 

identical mini buses with the capacity of 10 

customers (not including the driver). The speed is 50 

km/hr, max acceptable delay time for customers dis 

30 minutes. The weight of two objectives (total cost, 

service level) = (0.4, 0.6). Fixed cost is 1000 円/per 

bus; Traveling cost is 20 円/km; Delay cost is 50 円

/min; Refuse cost is 800 円/customer; 

The parameter setting of GA and HHA is shown as 

below: 

 Generation 30 

 Population size 200 

 Rate of mutation 0.4 

 Rate of cross over 0.9 

 α=0.5 (for only HHA in problem 2) 

 β=0.6 (for only HHA in problem 2) 

 Number of random scenarios for chance 

constraint 100 (for only HHA in problem 2) 

GA is same as HHA (but there are no last three 

parameters in GA). 

The experiment is implemented by Matlab2019a, and 

the main configuration of the computer is an Intel 
Core i7 2.7GHz, 8GB RAM running Windows 10. 

 

 
Fig.5. Location of case study 

 

4.2. Experiment 

Experiment1: Evaluate the effect of soft time window 

proposal in the percentage of customers in service 

and total cost. 

 

Experiment 2: Evaluate the solution qualities of GA, 

GA+NN, and our proposed method in problem 1 by 

using the case study with actual city road map. 

 

Experiment 3: Evaluate the robustness of HHA-MS 
in problem 2 with uncertainty. 

Experiment 4: Evaluate the efficiency of average 

response time for each dynamic customer. 

 

V. RESULTS AND DISCUSSION 

 

5.1. Experiment 1 (Effect of soft time window 

proposal) 

If the hard time window of new customer is too 

narrow, it is easy to refuse the order of this customer; 

therefore, we proposed soft time window proposal to 
minimize the expansion of the time window to accept 

more customers. This experiment is to compare the 

effect of soft time window and hard time window in 

the percentage of customers in service and total cost. 

 

 
Fig.6. Effect of soft time window in service customer (%) and 

total cost 
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Since the average service level is measured by the 

delay time at each customer, so we can also calculate 

penalty cost for the average delay time, in all of our 

experiments, the total cost is consist of traveling cost, 

fixed cost, penalty cost, and refuse cost. 

In Fig.6, under the same 15,000 yen of the total cost, 

with the soft time window proposal, we can service 

75 % of customers (red dash line), but without the 

soft time window proposal (hard time window) we 
only can serve 45% of customers (black dash line).  

 

Another discussion is that, if we hope to accept 80% 

of dynamic customers, the boundary for the total of 

dynamic customers without soft time window is only 

12, but with the soft time window proposal, more 

than 30 customers can arrive during the run time. 

 

5.2. Experiment 2 (Effect of proposed Hybrid 

Heuristic Algorithm method) 

In the result of experiment 1, we know the boundary 

of the dynamic customer in our case study. If we 
hope to serve 80% of dynamic customers we can 

accept 30 customers during the run time, therefore we 

assume there will be 30 dynamic customers revealed 

one by one during the run time.  

 

In order to compare the performance of our ideas in 

HHA (include nearest neighbor generating initial 

population and local search), we separate it to GA, 

GA+NN, and HHA. Genetic Algorithm (GA) means 

to generate the initial population by randomly; 

GA+NN means generate the initial population by 
using Nearest Neighbor (NN) method; and our 

proposed method HHA consists of GA+NN and local 

search. 

 

 
Fig.7. Results between GA, GA+NN, GA+NN+LS 

 

Compare with GA, GA+NN can service more 23 

percentage points than GA in serviced customers, it is 

because the nearest neighbor method can generate the 

initial population by considering the shorter distance 

between a new customer and the remaining customer 

to obtain a feasible solution easily, which means it’s 

easy to accept the new customer; in total cost it 

improves 25 % than GA, also increase 6 percentage 
points in service level. HHA decrease 11% of total 

cost than GA+NN, and increase 13 percentagepoints 

in service level.In addition, our proposed method 

HHA is better than GA, because it can service more 

customer than GA with the lower total cost and 

higher service level. 

 

5.3. Experiment 3 (Evaluate the robustness of 

HHA-MS under uncertainty) 

HHA-MS is HHA includes the Monte-Carlo 

Simulation (MS) which is used to solve chance 

constraint in problem 2 (see 3.2). 

Approach: First, we get the scheduling route by 

executing HHA-MS and GA respectively, then we 

use 50 scenarios with the different traveling time 

(following a normal distribution) to simulate the 

uncertainty and evaluate the robustness of service 

level and delay timein these two methods. In Table 1, 

the average service level obtained by HHA-MS is 
75.6% its improved 17.1 percentage point under the 

same uncertainty, and because of the chance 

constraint, the minimum service level is 63%. The 

standard deviation is also less than GA of 2.7 

percentage point.More details in the 50 scenarios are 

shown in Fig.8. The service level obtained by HHA-

MS is always higher than deterministic GA (except 

for No.12 scenario). 

 
Table1: Summarize the result of service level from 50 scenarios 

 

 
Fig.8. Average service level of each scenario 

 

In Table 2, the average delay time of HHA-MS is 

46.9 % lower than GA, and also the standard 

deviation is 32.4% lower than GA. The range 

between maximum delay time and minimum delay 

time in deterministic GA is 82.2 minutes, in HHA-

MS is 43.6 minutes, in addition, the maximum delay 

time in HHA-MS is only 52.3 minutes, which means 

nobody needs to wait over 1 hour. Therefore, base on 

the result above, we can say the solution obtained by 

HHA-MS is more robust than deterministic GA.More 
details of average delay time are shown in Fig.9. 

 

 
Table2: Summarize the result of delay time from 50 scenarios 
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Fig.9. Average delay time of each scenario 

 

5.4. Experiment 4 (Evaluate the efficiency of 

calculation time) 

The Purpose is to compare average response time 

(calculation time) of each dynamic customer between 
GA, HHA, and HHA-MS. 

 

The problem size is with 30 dynamic customers that 

consist of 30 different pick up sites and 30 different 

corresponded drop off sites. The number of bus is 3 

and the parameter setting is same as section 4.1 

 

Fig.10shows the result of average calculation time 

(response time) for each dynamic customer by three 

methods. In the deterministic problem, although GA 

has the quickest response time in 1.8 second, but in 
experiment 2 we have demonstrated that the solution 

quality of GA is worth than HHA.In stochastic 

problem, our HHA-MS has the ability to get a more 

stable result than GA, also the average response time 

is less than 10 seconds for each dynamic customer, 

because our problem is a dynamic problem so with 

this only nearly 10 seconds response time, customer 

can hold on the phone or just waiting for a while, and 

then they can get the result of accepting or refusing 

their order by our scheduling system. 

 

 
Fig.10. Average calculation time for each dynamic customer 

 

VI. CONCLUSION 

 
In this paper, we solve the two kinds of problems in 

on-demand bus scheduling. Problem 1 is the 

deterministic problem which includes the dynamic 

customers, pick up time window, and the fixed 

traveling time. Problem 2 is stochastic problem which 

based on problem1 but the traveling time is 

uncertainty. In both problems, we consider the multi-

objective of total cost and service level, and propose 

the Hybrid Heuristic Algorithm (HHA) to handle it. 

In problem 2 we use chance constraint to solve the 

stochastic problem, and then handle the chance 
constraint by using Monte-Carlo Simulation. 

 

The main achievement of this paper includes the 

following aspects: 

1. Combined the dynamic vehicle routing problem 

(DVRP) and uncertain traveling time into on-

demand bus problem then transform uncertainty 

to chance constraint to established the stochastic 
multi-objective mathematical model to balance 

the total cost and service level. 

2. Proposed Hybrid Heuristic Algorithm (HHA) to 

handle the deterministic problem, which based 

on GA and use the nearest neighbor method to 

generate initial population then executes local 

search to improve the solution. Compared with 

GA, it improves 17 percentage points in serviced 

customers, decrease 33.8% in total cost, and 

increase 19 percentage points in service level. 

3. Combined Monte-Carlo Simulation into HHA to 
handle the chance constraint in stochastic 

problem.In the stochastic problem, the 

scheduling route obtained by HHA-MS is more 

robustthan deterministic GA, the average service 

level improves 17.1 percentage points than GA 

under the same uncertainty, and the average 

delay time is 46.9% lower than GA. In addition, 

the average response time for each dynamic 

customer is only 9 seconds in HHA-MS. 
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