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ABSTRACT

Purpose: The purpose of this paper is to model the Shuttle Bus Problem as a variant of the Capacitated
Vehicle Routing Problem (CVRP) in which demands by customers appear probabilistically and the
minimum service levels are specified. Probability-based constraints are added to the discrete optimization
problem with uncertainty in passenger numbers in delivery and pickup at specified stopping points on the
bus route.

Design/methodology/approach: Using an evolutionary algorithm in Excel Solver, optimum routes with
required service level can be obtained by minimizing the total time spent and travel distance traveled by
the vehicles.

Findings: For the numerical problem instances, results show different options generated for separate
delivery and pickup, delivery and backtracking pickup and simultaneous delivery and pickup routes.
Results are also obtained for single-bus and multiple-bus services for comparison in order to show the
effect of different variables.

Practical implications: Three different models are studied and compared. These will help the route
planner to understand the behavior of the problem and to select the optimum service to customers.
Considering service level and maximum passenger travel time will also have impact on the customer
satisfaction.

Originality/value: Different possible options in designing shuttle bus routes are proposed. This paper
also proposes to add the service level concept in the optimization of the CVRP.

Keywords: Bus shuttle service, Capacitated vehicle routing problem, Route optimization, Service level,
Simultaneous delivery and pickup

Article Classification: Research paper.

Introduction

A typical Vehicle Routing Problem (VRP) concerns the transport of items between depots and customers
by means of a fleet of vehicles. The VRP occurs commonly in many real-world supply chain situations
which attract many research attentions. Examples of VRP are mail delivery, school bus routing, airport
shuttle service, waste collection, product distribution, parcel delivery and pick-up, dial-a-ride systems, and
many others. In general, solving a VRP means to find the best route to service all customers using a fleet
of vehicles. The solution must ensure that all customers are served, respecting the operational
constraints, such as vehicle capacity, limitation in travel distance or travel time, and the driver's maximum
working time, etc. The objective is to minimize the total distance or the total transportation cost. For single
vehicle without capacity constraint the simple VRP becomes a traveling salesman problem (TSP).
Extension to this is the parallel TSP when multiple vehicles are allowed to travel along different routes
and each location on the routes is visited only once. Combining the various elements of the problem, a
whole family of different VRPs can be defined. For example when vehicle capacity must be considered in
the problem, it becomes a capacitated vehicle routing problem (CVRP) which was introduced by Dantzig
and Ramser (1959). A related problem is the VRP with backhauls; that is the problem in which each
vehicle can both deliver goods and collect product such as wastes but it must complete all deliveries
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before starting to collect. The integration of forward logistics and reverse logistics in supply chain has also
resulted in the development of vehicle routing problem variant namely, capacitated vehicle routing
problem with simultaneous delivery and pick up (CVRPDP). This problem can be treated as a basic
capacitated vehicle routing problem CVRP when either pickup or delivery demand is zero.. All the VRPs
are NP-hard which means that the time to solve the problems increases exponentially as the number of
required stops increases. However, many heuristics procedures has been proposed which include a
popular constructive algorithm based on the classical concept of savings introduced by Clark and Wright
(1964). Heuristic methods for solving the VRPs are also demonstrated in Sule (2001) and Ghiani et al.
(2004). More recently many metaheuristic methods are widely used and more successful in the
optimization of the VRPs (Crispim and Brandao 2005, Tang and Gallvao 2006, Bianchessi and Righini
2007, The and Kachitvichyanukul 2009, Lal et al. 2009, Gajpal and Abad 2009 Kanthavel et al. 2012).

Problem formulation and solution method
The shuttle bus service can be modeled as a basic CVRP or CVRPDP with simultaneous delivery and

pickup. It is defined as follows.

Data: A fleet of buses with limited capacity leaving from and return to one terminal, a set of preselected
stops with demands for passenger delivery and pickup, a matrix of distances between the terminal and
locations of all the stops.

Constraints: Each stop must be served by one bus. Each bus leaves the terminal carrying all the
passengers it must deliver and returns to the terminal carrying all the passengers it must pickup. At any
point along its tour each bus cannot carry a total passenger load greater than its capacity.

Objective: Minimize of the overall length of the tours or maximum passenger travel time.

Three shuttle bus models are studied in this paper.

1. Separate delivery and pickup: This is a simple model when separate buses are used, those for
delivery of passengers from the terminal to their destination and the others are used to pick-up the
passengers along the routes back to the terminal. This model will provide more available passenger
load capacity.

2. Delivery and backtracking pickup: In this model the same bus travels through all the destinations to
deliver all the passengers and then backtrack through the same route to pickup the passengers going
to the terminal. The total number of passengers to deliver or pickup must not exceed the bus
capacity. The maximum passenger travel time is therefore only half of the total travel time of the bus.

3. Simultaneous delivery and pickup : This final model provides a combined service to deliver and pick-
up passengers at the same stops. The net vehicle load must be calculated to consider both the
delivery demand and pickup demand at each stopping point. The net load at each stop must also
meet the bus capacity as a constraint.

These three models for a single bus can be shown in Fig.1
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Figure 1: Shuttle bus models
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The quantitative models can be conveniently built by using Excel spreadsheet. The Evolution Solver can
find the solutions of the optimization problems created for three different shuttle bus models. For the
CVRP, it has been shown that this approach performs quite well compared to other heuristic methods
(Lal, 2009). To make sure that the best solution is found in each case few replications of the optimization
starting from different initial solutions should be performed.

Service Level

The concept of service level is borrowed from industrial situation involving inventory availability. In this
paper a service level (SL) will defines the availability of the bus capacity when compared to the demand.
A service level of 95 % means that there is a risk of 5 % that the bus capacity is not sufficient to meet the
demand of the passengers. Therefore a higher service level means better service availability for the
customers. In shuttle bus service design the service level may be define as following:

z =(Bus capacity — Demand )/ SD
and SL >95% whenz > 1.645
SL >98 % whenz > 2.055

where SD stands for standard deviation which can be calculated by taking the square root of the variance
associated with the demand. For the separate delivery and pick up model and the backtracking model the
demand is the larger of the total delivery demand and the total pickup demand. In the simultaneous
delivery and pickup model the net demands are calculated at the terminal and all stopping points. The
largest net demand is used in determining the service level. The optimization models for the shuttle bus
routing design with service level risk includes additional constraints on the value of z in the above
equation.

Numerical Examples

A numerical example is used to test the performance of the method used for this study. The VRP with
simultaneous delivery and pickup has one terminal (nodel) and 8 stopping points (nodes 2 to 9). The
distances between the nodes are given in Table 1. The demands for delivery and pickup at nodes 2 to 9
are shown in Table 2. Assuming the demands are deterministic or static and the vehicle capacity is at 15
units, this problem is described by Sule (2001) and a solution is obtained by using a modification of the
heuristic procedure by Clarke and Wright (1964). The reported solution requires three vehicles with the
total travel distance of 132. However, the method used in this paper produces a solution which requires
two vehicles with a total travel distance of 111. A comparison is also made for a backtracking model
(Sule, 2001) which also shows a much more superior solution to the solution obtained by the CW
heuristic procedure.
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From To 1 |2 3 4 5 6 7 8 9

1 0 4 7 12 17 26 32 48 56
2 4 0 8 8 6 10 15 22 30
3 7 8 0 15 16 20 21 18 35
4 12 8 15 0 8 9 12 7 10
5 17 6 16 8 0 13 12 20 19
6 26 10 20 9 13 0 6 10 17
7 32 15 21 12 12 6 0 20 15
8 48 22 18 7 20 10 20 0 8

9 56 30 35 10 19 17 15 8 0

Table.1: Distances between stopping points for passenger delivery and pickup (km)
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Stop Point Delivery Pick up
Mean Variance Mean Variance

2 4 0.70 3 0.50
3 3 0.60 2 0.50
4 3 0.50 1 0.25
5 4 0.70 6 1.00
6 5 0.70 4 0.80
7 3 0.25 4 0.40
8 3 0.30 5 0.70
9 2 0.20 3 0.50

Table 2: Mean passenger demands and variances for delivery and pick up.

From the good performance of the method it is then used to solve the Shuttle bus problems under
different conditions with uncertain demands. Table 2 contains the data of mean demands and associate
variances for delivery and pickup. The additional conditions for the service level requirements are also
added to the problems.

The results are obtained for single large bus with a capacity of 32 passengers or two small buses each
with an 18 seats capacity. Table 3 shows the results for single bus routing design while Table 4 shows
the resulting routes using two buses. The results also show the route distances and service levels which
can be satisfied. Given the travel speed of 60 km per hour, a delivery of passengers takes 5 minutes, a
pickup of passengers takes 5 minutes, a combined delivery and pickup takes 8 minutes, the total time
taken for each route can be calculated as also shown in Tables 3 and 4.

Route Time (min) | Stops sequence SL
distance(km) bs seq (%)
Separate
delivery and 78 118 1,3,4,9,8,6,7,5,2,1 >908
pickup
Delivery and
backtrack pickup 126 206 1,3,2,5,4,9,8,6,7,6,8,9,4,5,2,3,1 >98
Simultaneous
delivery and 86 150 1,3,2,6,7,9,8,4,5,1 >95
pickup

Table 3: Routing design with one bus ( bus capacity= 32 passengers)
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Route Time (min) | Stops sequence SL
distance(km) (%)
Separate
delivery and 63, 48 83, 68 (1,4,8,9,5,1), (1,3,7,6,2,1) >95
pickup
Separate
delivery and 76, 46 96, 66 (1,6,9,8,3,1), (1,2,5,7,4,1) >98
pickup
Delivery and
backtrack pickup 82, 56 122, 96 (1,3,8,6,7,6.8.3.1), (1,2,5,4,9,4,5,2,1) >95
Delivery and
backtrack pickup 90, 60 130, 100 (1,3,6,8,9,8,6,3,1), (1,2,5,4,7,4,5,2,1) >98
Simultaneous
delivery and 48, 63 80, 95 (1,2,6,7,3,1), (1,4,8,9,5,1) >95
pickup
Simultaneous
delivery and 46, 69 78,101 (1,2,7,6,4,1), (1,3,8,9,5,1) >98
pickup

Table 4: Routing design with two buses ( bus capacity= 18 passengers)

Discussion and Conclusions
The results of the numerical examples provide the following observations:

1.

The separate delivery and pickup model generally provides the shortest route distance and total time.
However, with separate tours twice the number of buses is required. The shorter time to complete the
route may be desirable by the customers.

The backtracking model uses only half of the number of buses as required by the separate delivery
and pickup model. While the route distance is the longest which means longer cycle time and driver
working time, the maximum travel time for passengers is shortest equaling half of the total time of the
complete route. Therefore, with proper scheduling customer can enjoy shorter travel time from and to
the terminal.

Simultaneous delivery and pickup model gives shortest travel distance but take longer total time. This
means that customers may not like the lost time for dropping and picking up passengers unless these
operations can be made more efficient.

With single shuttle bus the service level is lower than the other two models. This means that it will
require bigger bus capacity if a 98% service level is required.

A higher service level can be achieved with two shuttle buses because of the larger combined
capacity and also flexibility in designing the bus routes.

With two shuttle buses, a slight increase in the total travel distance and travel time can increase the
service level from 95% to 98% by having different stops and sequences.

The above observations can be useful in better understanding the behavior of the shuttle bus problem.
Actual situations will also require additional information on the cost of operating buses of different
capacities in order to decide on the tradeoff between cost and customer service. This paper describes
different models as options for shuttle bus routing design and the mathematical approach which can be
used successfully to solve a variant of vehicle routing problem.
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