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Abstract: Demand-responsive transport (DRT) could be an alternative for extending the accessibility
of high-speed rail (HSR) servicing cities in rural environments, where fixed public transport does
not provide efficient services. This paper proposes a method to analyse the factors that influence the
implementation of DRT systems for inter-urban mobility, connecting and integrating towns in rural
areas. Methodologically, a vehicle routing problem analysis in a GIS-based environment is applied to
a theoretical case study to evaluate the factors that influence DRT efficiency in different scenarios,
considering the specific singularities of this kind of inter-urban long-distance mobility. The results
suggest the optimal DRT solutions in these rural contexts to be those that, after adjusting the fleet
to specific demands, use low-capacity vehicles, which are much better adapted to the geography of
sparsely populated areas. Moreover, in adapting DRT systems to HSR travellers’ needs, windows
catering to these needs should incorporate the option of setting the pickup or arrival times. This
paper demonstrates that DRT systems could reach significant levels of service in rural areas compared
with fixed lines and even private vehicles, especially when evaluating key aspects of the system’s
efficiency for its implementation.

Keywords: demand-responsive transport; rural accessibility; efficiency; evaluation method; GIS-based
optimisation tool

1. Introduction: Demand-Responsive Transport as an Option for Mobility in
Rural Areas

Most rural areas of European countries are experiencing depopulation year after
year, mainly because of changing economic activities and a lack of opportunities and
services [1-3]. In these areas with very low population densities, public transport systems,
which are normally implemented and managed with fixed lines of buses, do not usually
provide efficient services for the population. The low frequency of such services reduces
their usefulness in addressing the specific demands and temporal constraints of travellers.
This implies very low accessibility by public transport in rural areas, limiting transport
alternatives to private vehicles [4]. In this context, both internationally and locally, there
is increasing interest among stakeholders to find more flexible transportation alternatives
that could meet the needs of existing mobility demands [5].

In this regard, flexible transport alternatives, such as demand-responsive transport
(DRT) systems, could play a fundamental role in improving accessibility in rural areas [6].
DRT systems provide transport services based on users’ demands, using fleets of vehicles
and schedules to pick up and drop off in accordance with commuters’ needs [7]. Tradition-
ally, DRT systems have been limited to urban environments and big cities, although it is
precisely in rural areas where DRT systems could improve the quality of public transport
services as they could adapt better to the needs of individual commuters [8,9], especially
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in low demand scenarios [10]. However, adapting the services’ characteristics and man-
aging technologies to the singularities of rural environments and the specific needs of the
populations living there is absolutely crucial [11].

Although DRT systems are not new (there were some initiatives in the 1960s and
1970s), they have faced technical and economic limitations in recent decades, reducing their
expansion and implementation [12,13]. The recent increase in new technologies, such as
smartphones, big data sources and faster processing systems, as well as new transportation
management approaches, such as ‘Mobility-as-a-Service (MaaS), have opened up new
opportunities for this transport alternative. Now, DRT services, combined (or not) with
fixed public transport routes, could provide a more flexible and sustainable transport
alternative, becoming an ideal solution for improving the accessibility and connectivity of
rural areas [14].

These DRT alternatives are not often implemented in rural areas, although there are
some references in the literature that consider these geographies. Most of these studies
analyse the potential of DRTs as an alternative to fixed lines of public transport in different
countries, such as Australia [15], Germany [16,17], Italy [18] and Denmark [19], while others
evaluate DRTs as a way of improving the connectivity of suburban and rural areas with
railway stations, favouring intermodal connections [20]. Some of these studies also focus
on the assessment of some factors for designing DRTs, such as the stop locations and spatial
restrictions, or even on potential customer target groups [16]. In this sense, evaluating
individual factors that could influence the use and acceptance of DRT in rural areas is key,
especially for disabled people and/or pensioners, who are more likely to use this kind of
alternative [21]. In summary, although the literature on DRT servicing rural areas is still
limited, there is a wide consensus among the studies to date that this flexible transport
system could help improve accessibility in rural areas with low population densities due to
the flexibility of supply according to users” demands.

In addition, DRT systems present a challenge in terms of routing optimisation, which
needs to be adapted to the demand required and its spatiotemporal daily variations. The
existing literature on this topic refers to several methods and algorithms used for routing
optimisation. One of the most extended methods is the so-called vehicle routing problem
(VRP), which is the problem of designing delivery or pickup routes from one or several
depots to several demand orders from different places [22]. Although it was conceived for
logistics, the VRP also adapts to the challenge of DRT systems by solving routing problems
with pickup and delivery time windows. Several studies have addressed VRP optimisation
in their approaches. One of the first examples is the one by Fisher (1993) [23], who studied
VRP optimisation using Lagrangian relation approaches to achieve the use of a minimum
number of vehicles. Since then, the methods used to solve the VRP have been diverse. On
the one hand, some authors have used a state—space-time representation to find the optimal
solutions [24], while others have suggested solutions through algorithms that determine
high-quality and computationally efficient solutions for on-demand applications [25].
Guo et al. (2019) [26] proposed a mixed integer programming model in which an exact
algorithm and two heuristic algorithms were numerically compared. Most of these studies
on VRP optimisation have focused on urban areas and have neglected such optimisation in
rural areas. Similarly, in the design of DRT systems, the methods and design frameworks
presented are mostly adapted to urban environments [27,28]. However, although the
models could be applied, DRT systems in rural areas for inter-urban mobility have some
characteristics, such as low demand distributed over large areas and longer distances
between demand points, which could directly affect DRT systems’ efficiency. Accordingly,
these systems need to be carefully analysed before their implementation in these territories.

Another important key factor is the evaluation of DRT performance, since it could
help to improve the efficiency of the system’s implementation. The evaluation of DRT is
a challenge because of the lack of a common evaluation framework and method in the
existing literature. Some studies use evaluation indicators, such as the travel distance,
ridership, cost, greenhouse gas emissions and the population’s perception [12], while
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others propose indicator groups, known as the 5E framework, to analyse the effective
mobility, efficient city, economy, environment and quality supports [29] to illustrate the
wider benefits of high-quality public transport. Other studies have proposed evaluation
frameworks with two-stage bootstrap data envelopment analysis, which combines multiple
indicators, and an ordinary least squares method to evaluate a DRT system, reducing the
degree of subjectivity to sum up [20]. In addition, the weighting factors of the indicators
used depend on each case study [30]. This means that, among the few studies on the subject,
there are no unified criteria to be applied.

In summary, most of the studies have focused on optimising and designing DRT in
urban areas, and the few examples considering rural environments are generally oriented
more towards analysing specific pilot cases and/or users’ perceptions and willingness
to adopt DRT services. They usually neglect an analysis of the factors influencing the
efficiency of this transport alternative for rural areas, especially the particularities of these
territories that could be key to successful implementation. The main objective of this
paper is to provide a method to analyse the factors that influence the implementation
of DRT systems in rural environments and to identify key aspects in the design of this
transportation alternative for inter-urban mobility in dispersed, low-populated rural areas.
To achieve this goal, a theoretical case study is proposed to evaluate the different factors
and variables that influence the efficiency of a DRT system in different scenarios of supply
and demand, considering the specific characteristics of this kind of inter-urban long-
distance mobility. Methodologically, a vehicle routing problem analysis integrated in a
GIS-based environment is applied to optimise and evaluate the proposed scenarios. An
efficient implementation of DRTs adapted to the singularities of rural areas could be key
to improving accessibility in these territories, where the efficiency of public transport for
inter-urban mobility is not always guaranteed.

2. Methodology

A definition of a DRT system has not been established, and there are many similar
concepts based on flexible transport systems. In this research, the DRT concept refers to a
flexible transport system with no fixed routes, adapting services to specific user demands
and engaging a specific fleet of vehicles to carry passengers [11].

In this research, the main objective is to provide a GIS-based method for the design
and implementation of potential DRT systems adapted to inter-urban mobility in rural
areas, focusing on an evaluation of the factors influencing the efficiency of the different
optimal solutions. For that purpose, we propose a four-step method and apply it to a
theoretical case study (Figure 1).

STEP 1: NETWORK DESIGN AND STEP 2: TRAVEL STEP 3: DEFINITION STEP 4: EVALUATION OF
DEFINITION OF HYPOTHESIS DEMAND DEFINITION OF SCENARIOS DIFFERENT SOLUTIONS

T

Resolution of scenarios in GIS environment

Figure 1. Steps of the method proposed.

2.1. Step 1: Network Design and Definition of the Hypothesis

The network design for the theoretical case study considered should include the
demand points or nodes and road links, with all the elements and parameters involved
in the problem. The design and shape adopted in this research are a simplification of the
territorial structures in Spain’s low-populated rural areas. These are usually characterised
by long distances between towns and cities, which are sometimes served by a railway
station located in one of them. Therefore, the theoretical case study proposed is represented
using a simplified or ‘toy” network that includes different nodes, such as population
(simulating towns and villages), a logistics centre (LC) for DRT operations and a railway
station, which could also be integrated as a node in the network for intermodal long-
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L: 5km
TT: 4min

distance mobility combined with DRTs. Also, the parameters of the links, such as the length
(L) and travel time (TT), are defined (Figure 2).

L: 32km
TT: 24min

q)/ L: 19km

ATT: 14min

T
L: 26km
TT: 20min

L: 36km

L: 39km

L: 35km

TT:10MIn geation AT TT:26min

27
L: 21km
TT: 16min

Figure 2. Toy network.

The hypotheses related to the implementation of a DRT system in this toy network are
established as follows:

1. The transport system is flexible, and the routes of vehicles are defined daily according
to users” demands, considering the pick-up and delivery times of their trips within
specific time windows. The start and end points of the routes are both located at the
logistics centre.

2. DRT services are implemented as static, and travel requests are made one day in
advance. In rural areas where transport alternatives are limited and travel demand is
low, dynamic routing could be difficult to implement due to population density and
the advanced age of the population but also due to longer distances between demand
points in different towns. Flexible routes with dynamic routing are more sustainable
for moderate demand (20 to 50 requests per square kilometre per hour) [31].

2.2. Step 2: Travel Demand Definition

The travel demands are defined using origin and destination (O-D) matrices, which
include the number of passengers per trip requested (this is limited to four passengers
to prioritise travel demand over total number of passengers, due to the low population
densities in rural areas). The travel requests are defined using time windows that depend,
on the one hand, on whether the request is at the origin or destination (green or blue cells,
respectively, in Table 1) and, on the other hand, on a maximum waiting time (tm):

e If the request sets the arrival time at the destination (tp), then the time window at
the destination is set as (tp — tm; tp). To establish the origin time window, the travel
time of the shortest route (t;) is used (the travel time of the route (t;) is calculated
considering the minimum travel time of the route by private car. Therefore, the origin
time window is (tp — tm — ty; tp — t¢).

o  If the request sets the departure time at the origin, i.e., the desired pickup time (tp) at
the origin, then, considering the defined maximum waiting time, the time window
at the origin is set as (to; to + tm). Then, the destination time window is established
using the travel time (t;) of the shortest route. Therefore, the destination time window
is (to + ty; to + tm+ tr).
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Table 1. Time windows depending on origin—-destination requests.

Destination

Set arrival time (tp —tm —tr; tp — tr) (tp —tm ;tp)

Set pick-up time (to;to+tm) (to+tr; (to+tm) +1)
where tp is the arrival time established /desired by the user, ¢ is the pick-up time established /desired by the

user, t, is the travel time of the route, which is calculated by the quickest time by car, and t,, is maximum waiting
time the user is willing to wait for the DRT service.

Origin

To analyse several demand levels, different O-D matrices have been simulated with
different numbers of trips and maximum waiting times (i) (see Section 3.3). In a specific
case, Table 2 shows an example of an O-D matrix with 12 trips and 31 passengers, and an
established maximum waiting time (tm) of 30 min. Similar to Table 1, the trips defined by
setting the arrival time (green cell) and by setting the pick-up times (blue cell) are shown.
For example, a specific trip is demanded from POP 1 to POP 3. In this case, three passengers
ask to arrive at the destination at 10.00, so the time window at the destination is [9.30;
10.00] because tn, is 30 min. The pickup at the origin will be [9.10; 9.40] due to t; being
12 min (Figure 2).

Table 2. Example of the O-D matrix of 12 trips with ty 30 min.

OD Matrix 12 Trips with Time Windows (t;, 30)

From To POP1 POP 2 POP 3 POP 4 POP 5 POP 6 POP 7 Station
o e, 2 [13.00;
POP 1 0 ?E9[?3(1)8/13§§]], 0 0 0 0 13.30];
R [13.30; 14.00]
1[12.42;
POP 2 0 0 0 0 0 0 13.12];
[13.30; 14.00]
3[11.06;
11.36];
POP 3 0 0 0 [11.30; 0 0 0
12.00]
2[11.22;
11.52];
POP 4 0 0 0 0 [12.00; 0
12.30]
3[12.48;
POP 5 0 0 0 0 0 0 13.18];
[13.30; 14.00]
3[11.58;
12.28];
POP 6 0 [12.30- 0 0 0 0 0
13.00]
1[10.01; 4 [14.20;
POP 7 0 0 10.31]; 0 0 0 14.50];
[10.30; 11.00] [14.30; 15.00]
2 [13.50; . 3 [13.50;
. 14.20]; < [Lnzey 14.20];
Station 0 12.55]; 0 0 0
[14.20; [12.59: 13.29] [14.51;
14.50] T 15.21]

2.3. Step 3: Definition of Scenarios

The third step is the definition of scenarios, characterised by different parameters
(Table 3). On the supply side, the parameters related to the technical characteristics of the
DRT system are considered, such as the vehicles’ capacity (number of seats) and the number
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of vehicles (fleet availability). On the demand side, we explore matrices with different
demand levels and define the maximum waiting time assumed by travellers (tolerance
to the wait for the DRT service) (tm). The number of trips considered in each O-D matrix
is based on the volume of trips and passengers registered in some pilot projects on DRT
implementation managed by regional administrations in Spain, and then adapted to the
proposed theoretical case study.

Table 3. Values for different parameters used in the theoretical case study.

Analysis Scenarios

Capacity (Seats) Number of Maximum Waiting O-D Matrices Total
pactty Vehicles Time (ty) (min) (Number of Trips) Scenarios

1

4 g 20 12

9 4 30 25 747

22 40 50
5
6

The combinations of the values of the four parameters could be computed through
Equation (1):
Z(Ng”>WT OD (1)

n

where C is the number of tested vehicle capacity, WT is the number of tested values for the
maximum waiting time and the O-D for the number of tested O-D matrices in terms of
the number of trips. NVy, is the number of vehicles tested in each combinatorial process n.
Since we have tested n = 6, this results in 747 scenarios to be analysed. The terms used to
define the scenarios or examples are as follows:

E_ID_NVGhj Ci

where ID is the identification code for each scenario; Nveh; is the number of vehicles
available with capacity i, and C; is the capacity (with three options: C4, C9 and C22, which
correspond to 4, 9 and 22 seats available, respectively).

The resolution of the different scenarios is carried out using vehicle routing problem
analysis integrated in a GIS environment (using the VRP tool and the ‘model builder’
process integrated in ArcGIS Pro) (Figure 3), which allows for optimisation of the DRT
service by providing the routes and determining the satisfied demands and timetables.
Under these conditions, the VRP analysis optimises the routes to service the largest number
of travellers’ demands in the shortest travel time. In addition, the optimisation process is
performed according to the parameters of the DRT system, such as the available vehicle
fleet and its capacity, and considering specific temporal constraints (time windows) defined
by the demand requirements (see Section 3.2). Only travel demands that could be satisfied
within the specified time windows will be served, leaving the rest without service. In
addition, this research considers a service time (ts) of five minutes for passengers boarding
and alighting, which is considered to optimise the routes.
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STEP 1: NETWORK DESIGN AND DEFINITION OF HYPOTHESIS

Definition of network parameters:
« number of nodes (population, station and logistic centre)
+ Characteristic of links (travel time and length)

STEP 2: TRAVEL DEMAND DEFINITION

Travel demand definition is developed through: Based on:

+ Number of trips - Set arrival time (tD) /

» Origin and destination of these trips pickup time (tO)

+ Set arrival time or set pick-up time - Travel time in route (tr)

L—»TIME WINDOWS at the origin and destination —»I-  Maximum waiting time (tm)

STEP 3: DEFINITION OF SCENARIOS

In each scenario, the supply of DRT system is defined: Demand of DRT system:
* Number of vehicles + Defined step 2
» Capacity of each vehicle

(*) RESOLUTION OF SCENARIOS

Resolution with DRT system in each scenario through VRP in GIS environment (ArcGIS PRO).

L—» MODEL BUILDER (using VRP)
« Create network
Define nodes (ORDERS)
Linking origin and destination of travel (ORDER PAIRS)
Define logistic centres (DEPOTS)
Define routes (ROUTES) with number of vehicles and capacities
Solve the problem

STEP 4: EVALUATION OF DIFFERENT SOLUTIONS

Evaluation of three indicators: social, economic and environment.

— Decision making by DRT system managers
Figure 3. Description of the steps of the proposed method.

2.4. Step 4: Evaluation of Different Solutions

After generating the results of different scenarios, we conduct a comparative analysis
and evaluation of the alternatives to establish the performance of the DRT systems in each
case (Figure 3). The proposed performance or efficiency score (P) is based on three main
indicators: (1) the social indicator, related to the quality of service [17]; (2) the economic
cost indicator [29] and (3) the environmental impact indicator [12]. They are described
as follows:

1. The social indicator (Is), which includes aspects related to the quality of the service,
is defined as follows:

Is = Is s+ Iswr + Is T )
where:

e Iggis the parameter that measures the satisfied services as the number of trip requests
that are satisfied in relation to the total trips requested, i.e.,

n® trips served
nQ trips that demand DRT service

©)

Iss =

o Igwr is the parameter that measures the effects of the waiting time considering the
average waiting time of the DRT system for satisfied travel demands, i.e.,

Y waiting time * n2 trips served
Y nQ trips served

4)

Iswr =

e Ig7r is a parameter used to measure the difference in the travel time between the DRT
system and a private car, i.e.,

total travel time DRT — travel time VP
Y nQ trips served

©)

Is T =
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To compare all the proposed indicators, the social indicator (Is) needs to be standard-
ised. For this, the indicators in Equations (3)—(5) are standardised, considering a range from
0 to 10, with 10 being the highest positive score. The values of the standardisation (Table 4)
depend on the impact (positive or negative) of each indicator.

Table 4. Values of the standardised indicators.

Score
Indicator Values
IssN 0-10 No demand trips—total number of demand trips
IS,WT,N 0-10 15 min-0 min
Is N 0-10 40 min—0 min

2. The economic cost indicator (Ig) considers the fixed and variable costs. The fixed
costs (FCs) consider both the time costs (amortisation, financing, personnel, insurances
and tax costs) and indirect costs (structural, marketing and other). The variable costs (VCs)
consider the costs per kilometre (fuel, tyres, repair and maintenance, and on-board staff).
Then, the indicator is as follows:

I[g =FC+VCx kmtmvelled (6)

The values of the fixed and variable costs depend on the capacity and characteristics
of the vehicles (Table 5) and are shown in Table 6.

Table 5. Characteristics of the vehicles. Source: adapted from ACOTRAVI (values of the characteristics
of the vehicles have been obtained from the automotive market vehicle offer).

Vehicle 4 Seats Vehicle 9 Seats Vehicle 22 Seats

Length: 4.5m Length: 5.2 m Length: 8.5m

Vehicle Price: EUR 20,000 Vehicle Price: EUR 50,000 Vehicle Price: EUR 100,000
Oil price: 1.6 EUR/L Oil price: 1.6 EUR/L Oil price: 1.6 EUR/L
Consumption: 6 L/100 km Consumption: 9.3 L/100 km Consumption: 11.2 L/100 km
Power: 140 kW /190 CV Power: 140 kW /190 CV Power: 143 kW /105 CV

Table 6. Values of the economic variables. Source: adapted from ACOTRAVI (https://www.mitma.
gob.es/transporte-terrestre/servicios-al-transportista/descarga-de-programas/acotravi-200; re-
trieved on 1 May 2024.).

Capacity of Vehicle
Indicator Units 4 Seats (C4) 9 Seats (C9) 22 Seats (C22)
Fixed costs (FCs) EUR/day 90 116.37 126.67
Variable costs (VCs) EUR/km 0.2103 0.2362 0.2595

This economic cost indicator is standardised (Ig ) through the criterion that the greater
the cost, the lower the score. For example, assuming the service costs EUR 800 per day, the
service would be very non-profitable, and therefore it would score “0”; on the contrary, if
the service costs EUR 150 day, the score obtained would be 10.

3. The environmental impact indicator (I15) is calculated based on the gCO, emitted
per kilometres travelled, assuming emissions of 2392 gCO, per litre of petrol consumed.
The quantity of gCO, depends on the petrol consumed (see the consumption of each type
of vehicle, Table 5), which is directly linked to the vehicles’ capacity (Table 7).
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Table 7. Values of the environmental variables.
Capacity of Vehicles
Indicator Units 4 Seats (C4) 9 Seats (C9) 22 Seats (C22)
Factor of gCO, (FgCO;) gCO,/km 143 222 267

The environmental impact indicator is also standardised (I n7). The criterion adopted
is that the more gCO, emitted, the lower the score, assuming that the best score would
be obtained if only 44,000 gCO, were emitted, while 530,000 would be the maximum
considered, which is the higher score.

The values adopted for the standardisation of the indicators have been established
based on the values obtained in all the scenarios proposed. These values should be adjusted
to each study according to the characteristics of the network and the supply and demand
of the DRT system.

Finally, to compare the performance of each of the analysed scenarios (see Table 3),
depending on the assumed importance of the indicators, a hierarchical function is proposed,
combining the different indicators presented as follows:

P=wayxIssn + ar*xIswr,n + azxIstrn + B*xIgn + v*lan (7)

where P is the score between 0 and 10 of the analysed scenarios and «1, &y, 3, 3 and
v are the weight factors, which will depend on the requirements or preferences of the
administration of the DRT system.

3. Results
3.1. Definition of the Routes of the DRT System

In this section, the routes of the DRT system are obtained for each scenario, indicating
the demand satisfied and not satisfied. An example is shown in Figure 4 with the routes’
solution for the DRT system in a specific scenario E_02_2C4. Scenario E_02_2C4 has two
vehicles of four seats each; the O-D matrix considered is of 12 trips with 31 passengers, and
the maximum waiting time (t) is 30 min (see O-D matrix in Table 2).

—— Route 1 (with passengers) - Route 2 (with passengers)

- — - Route 1 (without passengers) Route 2 (without passengers)
Figure 4. Routes’ optimal solution for scenario E_02_2C4. (a) Route 1. (b) Route 2.

Figure 4 shows the routes followed by the two available vehicles in the scenario,
beginning and finishing their trips in the logistics centre (LC). Route 1 (Figure 4a) performs
a DRT service comprising seven trip requests (POP 1 to POP 3, POP 7 to POP 3, POP 3 to
POP 5, POP 6 to POP 2, POP 2 to Station, POP 1 to Station and Station to POP 1), and Route
2 (Figure 4b) performs a DRT service comprising three trip requests (POP 4 to POP 6, Station
to POP 3 and POP 7 to Station). The numbers in Figures 4 and 5 represent each movement
of the vehicle in each route. In addition, there are two travel demands of scenario E_02_2C
that have not been satisfied by the DRT system (see more details in Figure 5).
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LC=9

(a)

ST=8

(o)}

S, ]

w

Location toy network
D

Location toy network

8:30

9:00 10:00

11:00

(b)

Time windows satisfied by Route 1
[ Time windows satisfied by Route 2
I Time windows not satisfied

@ Stop Route 1

O Stop Route 2

12:00

13:00

| I
\ I
W
V@ .'
I
1 : I
n :
! I
, ® &
9:30 10:30 12:30 13:30 14:30 15:30

14:00 15:00 16:00

(d)

12:30 13:30 14:30

—— Route 1 (with passengers)
—— Route 2 (with passengers)
— — - Route 1 (without passengers)
- = - Route 2 (without passengers)

Figure 5. (a) Routes’ optimal solution for scenario E_02_2C4. (b) Satisfied demand trip directly.
(c) Non-satisfied demand trip. (d) Satisfied demand trips, travelling together with other demand trip.

Figure 5a shows the same routes (Routes 1 and 2) in scenario E_02_2C4, with more
details about the schedules. In this scenario, we need to highlight that the travel demand
is the highest mainly between 9:00 and 15:30 in the O-D matrix. The demand schedules
should be studied to be able to adjust the DRT service schedules and set the margin for this
service throughout the day. In this graph, the parallelograms represent the time windows
of each trip request when users are willing to make the trip. Similarly to in Figure 4, the
continuous lines represent the movement of a route with passengers onboard, while the
discontinuous lines represent route movements without passengers onboard. Then, the
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numbers in the links indicate the step of the total movements made in each route. The stops
in each route are represented by blue and white circles, respectively. In Figure 5a, there are
two circles in each stop, showing that the arrival and departure are delayed by 5 min, the
time established as a service time for passengers getting on and off the vehicle.

Focusing on each particular trip and analysing the demand schedules and real sched-
ules, Figure 5b shows a demand trip that has a pick-up time window between 9:18 and
9:48 at POP 1, and an arrival-time window between 9.30 and 10.00 at POP 3. Under these
conditions, the DRT system can satisfy this demand. However, there are two travel requests
in this scenario that are not satisfied (POP 5 to Station and Station to POP 4 in Figure 5c).
This lack of service is because some conditions cannot be fulfilled; in particular, the service
within the time windows and the number of vehicles/capacities (number of seats). Finally,
although most of the satisfied trips do not share the vehicle during their journey, there are
two cases, trips 5 and 6, shown in Figure 5d. The DRT system picks up passengers from
trip 5 in POP 2 at 13.19, and then drives to POP 1 to pick up passengers from trip 6 at 12.49.
Finally, they go together to the station, which is the destination of both trips.

3.2. Evaluation of Different Scenarios

In the next section, we perform a sensitivity analysis, but first let us evaluate the
performance of the system in the different scenarios using the weight factors shown in
Table 8, meaning that, for a particular case, the social factor has a greater weight than the
economic and environmental ones in the decision-making process.

Table 8. Values of the weight of evaluation.

Values of Weight
o o o3 B Y
0.50 0.10 0.05 0.20 0.15

The scores of all the scenarios have been represented in the following figures for the
three assumed levels of demand, i.e., matrix of 12, 25 and 50 trips (Figures 6-8, respectively).
These graphs represent the scenarios by the mean of the sum of capacities of the assumed
vehicles on the x-axis, and the score P from 0 to 10 on the y-axis. The analysis of these three
figures is performed jointly, presenting a comparative assessment of the results shown for
the three levels of demand:

1.  The number of trips demanded directly influences the total score obtained. A com-
parison of the three graphs shows how for the demands of the 12 trips (Figure 6), the
average score is higher than in the case of the higher demand of the 25 trips (Figure 7),
and this is higher than in case of the 50 trips (Figure 8), regardless of the capacity
offered. DRT systems work without limitations for lower demand, giving service to
all the travel requests in most cases, as a taxi service; while for higher requests, the
system starts to decrease in efficiency.

2. The number of vehicles increases the score values up to a certain limit, which depends
on the number of trips demanded. In general, the increase in the vehicles’ fleet
converges at a certain score, which means increasing the number of vehicles does not
provide better service to users, and the system would be oversupplied. For example,
Figure 6 shows that having more than three vehicles does not increase the final score,
similarly to in Figure 7 (O-D matrix of 25 trips), where that limit is achieved for
five vehicles.

3. Regarding the sum of the capacities (seats offered), the graphs show that increasing
the sum of the capacities (y-axis in the graphs) of the DRT system is only interesting
if it is associated with the number of vehicles. For example, Figure 6 shows that the
case of a maximum waiting time (tm) of 20 min and with a sum of capacity of 9 seats
(one vehicle) has a lower score than the case with two vehicles of 4 seats (sum of
the capacity of 8 seats). A similar case could be found if we compare the cases of
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two vehicles of 22 seats (sum of capacity of 44 seats) with a sum of the capacity of
22 seats (three vehicles in total). The latter presents better performance. In summary,
in rural areas where the travel demand is reduced, vehicles with many seats available
only increase costs and have no influence on the quality of the service, decreasing the
final scores.

4. The parameter of the maximum waiting time (tn) has a significant influence on the
DRT scores. If t, increases, there is generally an increase in the score. For example, in
Figure 6, the red lines (tm 20 min) have lower scores than the green lines (ty, 30 min),
and these have lower scores than the blue lines (t, 40 min). This parameter could be
as efficient as the number of vehicles, producing in some cases a higher increase in
the DRT scores. For instance, some scenarios in Figure 8 with ty, of 20 min with four
vehicles have lower scores than other scenarios with ty, of 30 or 40 min with three
vehicles. This means the DRT services could arrive in a wider time window, servicing
more requests. However, an increasing tn, is also related to a longer waiting time
assumed by potential users and, therefore, DRT systems need to find a proper balance
between efficiency (final scores) and the quality offered.

438— o ...1_-:_;-!._.0,__—_:::@-_.\0
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tm20  tm30 tm40

6 1 vehicle
........................ 2 vehicles
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411 | | | L | | | | | 1 | | 1 | | | | | | | | | | | | | | | | | | | |
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Figure 6. P score for scenarios of 12-trip matrices.
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Figure 7. P score for scenarios of 25-trip matrices.
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Figure 8. P score for scenarios of 50-trip matrices.

3.3. Sensitivity Analysis of Weight Factors

After evaluating the different scenarios, we performed a sensitivity analysis to identify
how the weighting factors adopted for each indicator could influence the P score of the
DRT systems. This sensitivity analysis evaluates ten cases with different weighting factors
(Table 9). The values of these parameters have been chosen so the social aspect (o7 +
&y + ag) could range between 0.5 and 1.0, while both the economic and environmental
dimensions (3 and v) have weights between 0 and 0.5, forcing o1 + xp + a3 + 3 +y =1.
These values have been adapted to ensure that the social aspect, related to providing service
to users, acquires a minimum of 0.5, guaranteeing that the quality of the service reaches a
minimum to improve the quality of public transport services in rural areas where there are
no other alternatives in many cases.

Table 9. Values of the weight in the sensitivity analysis.

Cases of Sensibility Analysis

CASE 1 CASE 2 CASE 3 CASE 4 CASE 5
ol =0.50 «l =0.50 ol =0.50 «l =0.35 «l=0.35
«2=0.10 «2=0.10 a2 =0.10 o2 =0.10 a2 =0.10
«3 =0.05 a3 =0.05 «3 =0.05 o3 =0.05 «3 =0.05
$=0.20 =0 B =0.35 p=0.5 =0

v=0.15 v =0.35 vy=0 v=0 v =0.50
CASE 6 CASE7 CASE 8 CASE9 CASE 10
«l=0.35 «l =0.65 ol =0.65 ol =0.65 «l =0.85
a2 =0.1 a2 =0.10 «2=0.10 o2 =0.10 a2 =0.10
«3 =0.05 a3 =0.05 «3 =0.05 o3 =0.05 «3 =0.05
=025 =0 B=0.2 p=0.1 =0

v =0.25 v =0.20 vy=0 v=0.1 v=0

The method for comparing the results in this sensitivity analysis uses statistical deciles.
This means 10 percent of the scenarios with the highest P-score in each of the 10 proposed
cases were selected (18 out of 174 scenarios for each O-D matrix). Table 10 shows the
scenarios that are included more times in the first decile for each combination of weighting
factors, showing the three options with the highest ratios (Top 1, 2 and 3). In the case
that several scenarios have the same percentage, all of them are shown. For example, in a
particular case for an O-D matrix of 12 trips, the scenarios that appear most times (9 out
of 10 total cases) in the first decile of the DRT system’s best scores are scenarios E_03_3C4
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(three vehicles with a capacity of four seats) and E_04_4C4 (four vehicles with a capacity of
four seats).

Table 10. Top 3 scenarios with the highest scores in the sensitivity analysis.

Matrix Top 1 Top 2 Top 3
E_20_1C4_2C9
12 trips E 82 igi 9/10 E_05_5C4 7/10 E_29 2C4 1C9 6/10
E_33_2C4_1C22
. E_06_6C4 E_04_4C4
25 trips E_05.5¢C4 8/10 E_58_4C4_1C9_1C22 7/10 E_37_3C4_3C9 6/10
E_05_5C4
50 trips E—g?—ggi 309 9/10 E_57_3C4_2C9_1C22 7/10 E—gg—;gi—igg 6/10
= E_58_4C4_1C9_1C22 —Ie
E_03_3C4
E_05_5C4
Total E_04_4C4 10/10 E_06_6C4 9/10 F_58 4C4 1C9_1C22  8/10
E_37_3C4_3C9
E_48_3C4_1C9_1C22

From this sensitivity analysis, we obtained the following key insights:

1. For all the proposed cases with different weight factors, scenarios with lower and
medium capacities (four and nine seats) achieve better P-score values for different
levels of demand and in total. There is no case in the Top 1 where a vehicle with a
capacity of 22 seats appears. For this reason, in rural areas, where the demand and
population density are low and dispersed, vehicles with small or medium capacity
would have a better performance.

2. The analysis of the Top 1 of the three matrices shows an increase in the number of
vehicles servicing higher demands but maintaining their capacity in most cases. This
means the parameter of the number of vehicles is much more influential than their
capacity in these rural environments.

3. Focusing on the total results in Table 10 (without differencing among the matrices
of demand), we observe that scenario E_04_4C4 is always included as an efficient
solution (10 out of 10), thus becoming a potential candidate for a DRT system to be
implemented in the proposed theoretical network.

4. For these kinds of services, the social dimension must have higher relevance to ensure
a certain level of service, prioritising options in which the number of passengers
served is as high as possible, while the economic and environmental aspects are kept
as low as possible. Therefore, despite the changes in the weight factors, the scenarios
are usually repeated in most of the cases analysed.

The proposed four-step method, combined with the sensibility analysis, would allow
us to define DRT systems for inter-urban mobility in rural areas, identify the factors
influencing the final performance of potential solutions, and subsequently vary the criteria
according to the operator and management of the transport system in each context.

4. Discussion and Conclusions

This paper provides a systematic method to guide the implementation of demand-
responsive transport (DRT) systems for inter-urban long-distance mobility in rural areas
and identifies the influence of different factors on the final performance of the service. The
research examines different solutions for implementing DRT services, considering a set of
simulated scenarios in which different factors, such as the number of vehicles, fleet capacity,
and maximum waiting times assumed by users are evaluated.

In general, this paper provides some important insights. First, in rural areas where the
travel demand is lower than in urban areas, low- and medium-capacity vehicles perform
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better, cost less and provide the same quality of service. Second, the allocation of time
windows in the travel demand should incorporate the option of setting the pick-up time
at the point of origin or the arrival time at the destination. Third, the flexibility of users’
requirements in terms of the maximum time they are assumed to wait (ty,) notably influ-
ences the number of travel demands the DRT system can satisfy. This parameter must be
evaluated jointly with the design of the fleet because both influence the quality of service.
These results are in coherence with the existing literature on the topic, which states that
DRT systems could be considered an interesting alternative to traditional public transport
systems based on fixed lines and services [4,12,14,17]. In addition, the analysed factors of
the number of vehicles and their capacity are usually considered in the route optimisation
methods proposed by other authors [26], particularly in rural areas with low population
density and long distances between them. Finally, in this research, the importance of wait-
ing times is highlighted (as also evidenced by other authors [24,32]), including an analysis
of the real waiting times and those willing to wait through the parameter of maximum
waiting time (ty,). Although other studies support some of the insights in this paper, most
of them are oriented towards optimisation and lack a broad, critical assessment of the
influence of different factors on the final performance of DRTs in rural areas.

In summary, this research offers a useful method for transport planners and regional
authorities to implement DRT services adapted to inter-urban mobility in rural areas and
the particularities of these geographies. Accordingly, our study fills a gap in the literature,
which neglects to analyse the factors influencing the efficiency of this transport alternative
in these areas. The proposed GIS-based method presents a systematic evaluation and
analysis of the factors that influence the DRT service. It needs to be adapted to each
specific context regarding the network configurations, but the procedure for selecting and
evaluating the most adequate DRT solution for each case study provides a useful tool,
allowing for the adaptation of the weighting factors depending on the administration
and planners’ interests. This could have relevant policy implications for the design and
evaluation of DRT systems implemented in rural areas. A key aspect that future research
could address would be to validate the findings by comparing them with empirical data
from real DRT implementations. Nowadays, the data available from open sources about
pilot cases of DRT implementation in rural areas are very limited (or even inexistent), which
makes a direct comparison very difficult. Further exploration, and contacts and agreements
with administrations, will help in accessing this valuable information. In addition, the
application of the method proposed to real case studies will be studied, considering the
existing demand and a real background.
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