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Abstract—This paper defines an integrated transportation
framework known as the network inspired transportation
system (NITS). The NITS uses demand-responsive transit
that leverages static bus and rail services, to optimally route
passengers though a complex transportation network in the
same manner that a data packet is routed through a telecom-
munications network. This paper provides a background of
demand-responsive transit, introduces and defines the NITS,
and provides analysis and simulations results that support the
utilization of the NITS in low and medium density urban areas.

Index Terms—intelligent transportation systems, Dial-a-Ride
problem, routing and scheduling, intelligent vehicles, demand-
responsive transportation

I. INTRODUCTION

F IXED-ROUTE transit service is widely used across
many American cities. However, there are large dis-

crepancies in the efficiency of these systems due to budget,
ridership, population density, and many other factors. While
some systems provide high-level service, others struggle to
meet customer demands.

To illustrate this point, consider two cities that are very
different in terms of transit: New York, NY and Houston,
TX. New York is the densest city in the United States
with a population density of 27,532 people per square mile
[1][2] and a high transit ridership of 10,303,095 average
weekday unlinked transit trips [3]. Houston has a much lower
population density of 3,897 people per square mile [1][2]
and a less widely utilized transit system, with only 339,113
average weekday unlinked transit trips [3]. Partially due to its
high density and transit ridership, New York is able to operate
weekday buses with a headway as low as 5 minutes [4]. On
the contrary, minimum headway for buses in Houston is 15
minutes with some routes approaching one hour headways
[5].

For low to medium density cities like Houston, an al-
ternative to fixed bus service is needed. One alternative to
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fixed-route service is demand-responsive transit (DRT). In
a DRT system, passengers communicate their requests for
transportation directly to the transit operator. This allows the
transit operator to create custom transit routes based on a
priori knowledge of the passengers’ locations, destinations,
and schedules. Creating routes in this manner reduces waste
for the transit operator by not sending buses along routes
that may not have passengers requiring service, and the
system improves service to the passengers by eliminating
long headway between routes.

Historically, DRT has been limited in use due to com-
munication and computational burdens. However, several
technological innovations in recent years have mitigated
this burden. Pervasive, web-enabled mobile devices, short
message service (SMS), and interactive voice recognition
systems allow passengers to make requests for transportation
in real time without dispatcher intervention. Additionally,
Moore’s law and cloud computing have made the computa-
tional power required to calculate a near-optimal route in real
time affordable for a limited number of requests. Combined
with in-vehicle mobile data terminals, these advancements
have made possible a system which can accept requests from
customers in real time, identify an optimal vehicle and route
based on these requests and dispatch this information to a
vehicle already in motion all without dispatcher intervention
[6]. What remains is a transportation framework designed to
minimize vehicle miles traveled (VMT) and costs for transit
operators and maximize passenger satisfaction by minimizing
wait times.

This paper defines a framework for DRT to address these
issues. The framework is known as the network inspired
transportation system (NITS) and is inspired by the highly
efficient manner in which information packets are routed
through a telecommunications network. The approach will
reduce the computational burden required to calculate routes
on demand, reduce costs due to VMT by leveraging existing
static routes to offset on-demand transportation costs, and
improve passenger satisfaction in low and medium density
cities by eliminating the long wait between subsequent buses.

This paper is organized as follows: Section II provides a
background of demand-responsive transportation, Section III
defines the optimization problem this research seeks to solve,
Section IV defines the NITS, Section V provides analysis
and simulation results that support NITS implementation, and
Section VI contains some concluding remarks.



II. REVIEW OF DEMAND-RESPONSIVE TRANSPORTATION

The literature review section of this paper will provide a
background of relevant demand-responsive transit and dial-
a-ride research. The dial-a-ride problem (DARP) consists of
creating M dynamic bus and van routes to service a set of
N passengers curb-to-curb with a priori information of the
passengers’ origins and destinations. A thorough mathemati-
cal model of the DARP is presented by Cordeau and Laport
in [7].

Single Bus versus Multi-Bus DARP

Dial-a-ride (DAR) systems can be characterized as either
single or multiple-bus systems. A single bus DAR system
is defined as a demand-responsive transportation system in
which all passengers are serviced between their origins and
destinations on the same bus. The single bus formation
of the DARP is similar to the classic traveling salesman
problem (TSP), which is discussed further in Section V-A.
In depth studies of the single vehicle DARP can be found in
[7][8][9][10].

A more complex version of the DARP is the multi-bus
DARP. In this version of the DARP, passengers requesting
rides can be split among multiple buses. This additional
degree of freedom present in the multi-bus DARP requires
two optimization decisions to be made; assigning the passen-
gers to the optimal bus and then selecting the optimal route
once the assignments are made [11][12]. NITS on-demand
subnetworks, which are presented in Section IV, are allowed
to operate as either single bus or multi-bus DAR systems.

Integrated Transit

Demand-responsive transit (DRT) systems that utilize both
static and dynamic transportation modes are referred to as
integrated transit systems, and the problem of assigning and
routing passengers in these types of systems is referred to as
the integrated dial-a-ride problem (IDARP). Transportation
engineers have researched the possibility of using on-demand
transit as a solution to the “last mile” problem for getting
passengers to static route stops and stations. For instance,
Lee and Wang [13] have developed a high-level architecture
for a taxi-pooling system in which passengers who are not
within walking distance to a transit station can utilize DRT to
reach the nearest station. The problem with this approach, is
that the nearest station may not always be the most optimal
station. Another possible application of integrated transit is
discussed by Uchimura et al. in [11]. Uchimura suggests
a hierarchical transportation system for the city of Seattle,
WA, where the highest levels of the system use high-speed
rail for long-distance travel and the lowest levels of the
system use shuttles or DRT to handle transportation within
neighborhoods. Other researchers, such as Wilson et. al. in
1976, Liaw in 1996, as well as Aldaihani and Dessouky in
2003, have suggested utilizing integrated transit and have
shown promising preliminary results [14] [15] [16]. The

efficacy of integrated transit systems is illustrated by Horn in
[17] by demonstrating instances where on-demand transit is
outperformed by integrated transit. There is still a significant
amount research to be conducted in order to make integrated
transit a viable and widely used transit option. For instance,
further development of the nature in which the static and on-
demand structures interact should be explored, and defining
the exact role of DRT within the larger transportation network
needs to be developed. This paper suggests and provides
supporting evidence for a defined hierarchical system in
Sections IV and V.

III. DEFINING THE PROBLEM

Now that a brief background on DRT has been presented,
the specific problem that this research attempts to solve
will be defined. This research addresses the optimal or sub-
optimal routing of passengers through a complex metropoli-
tan integrated transportation system that balances the costs
of operating the system and transporting the passengers with
the passenger’s demands on the system. Before solutions
to the problem can be formulated, it is important that the
fundamentals of the problem are accurately defined.

The most high-level cost function associated with the
system is Equation 1, where α and β are the weights asso-
ciated with operation costs and passenger costs respectively.
Minimizing this cost function is the ultimate goal of this
research (i.e., improve the traveler’s experience while also
minimizing costs incurred by transportation operator). The
exact values of these weights and compositions of passenger
and operator costs can vary widely depending on the goals
of the operator, implementation-specific costs, and individual
passenger demands. However, some assumptions and sugges-
tions can be made.

JTotal = αJO + βJP (1)

First consider the operator’s side of the cost function.
The operator may be responsible for operating on-demand
vehicles as well as fixed-route vehicles. The total cost of
operating each of these types of vehicles is represented by
JD and JS respectively.

JO = αDJD + αSJS (2)

For the purposes of this research, the cost of operating
static-route services are fixed, and therefore, can be ignored.
These means that the operator’s component of the objective
function can be reduced to Equation 3,

JD =

M∑
i=1

di (3)

where di is the cost associated with operating dynamic
vehicle i and M is the total number of on-demand vehicles in
the network. Equation 4, is the total passenger cost incurred
by the system. Where pi is the cost of routing passenger i.



JP =

N∑
i=1

pi (4)

Passenger costs can result from a number of sources
depending on the demands of the individual passenger. These
costs can include total travel time, time waiting for the bus,
total travel distance, transfer time, and others.

Within this basic problem description, the network inspired
transportation system will attempt to utilize on-demand tran-
sit in conjunction with static routes to maximize customer
satisfaction while minimizing operator costs.

IV. NETWORK INSPIRED TRANSPORTATION SYSTEM

The network inspired transportation system (NITS) is
a framework in which passengers are transported through
a complex metropolitan transportation system in the same
manner in which data packets are routed through a telecom-
munications network. In the NITS framework, the entirety
of the transit infrastructure is treated as packet-switched
network where, passengers are analogous to data packets,
high-speed rail and bus rapid transit (BRT) are analogous to
high-speed data trunk lines, and areas of on-demand service
are analogous to subnetworks or subnets.

An on-demand subnet, is defined as an area in which a
passenger can be routed via an on-demand vehicle without
the use of a static transit route. A subnet φi acts as a semi-
independent dial-a-ride system, defined by a finite set of on-
demand stops and transit gateways. Namely,

φi = {σφi,γφi
},

where σφi
and γφi

denote the stops and gateway nodes
contained in φi respectively. Collectively, all the subnets in
a system are denoted as Φ, where Φ = {φ1, φ2, . . . , φL}.

In order to service an entire city, it is possible to keep
the individual subnets small while using a static system of
transit to connect the subnets across the city. In this way,
only the source subnet and destination subnets of a passenger
will need to be considered during the routing process, greatly
reducing the complexity of the problem. The static transit
system of the city, T, is defined by a finite set of transit
stops and links between the stops and can be represented as
a graph. Namely,

T = {ν,E},

where ν and E denote the set of stops and transit links
contained in T respectively.

The static transit can consist of bus rapid transit (BRT),
rail, and local bus service. These modes do not have the
ability to alter their routes on the fly as on-demand vehicles
do, but offer other advantages in terms of operating costs.
As discussed in Section III, the cost per vehicle associated
with fixed routes is largely independent of the number of
passengers currently utilizing those modes (e.g., transporting
10 passengers along a static bus route is not much more

expensive than transporting 15 passengers on the same bus
route). Therefore, when possible and practical, on-demand
vehicles should transfer passengers to the static network
when it reduces global operating costs. If necessary, the
passengers can ultimately be transferred back to the on-
demand network to complete the “last mile” of the trip.

Besides potential operator cost savings, BRT and rail offer
benefits to the passengers, such as high speed travel and
infrequent stopping, due to their dedicated right of way
(ROW). For this reason, rail and BRT can provide the
high-speed, high-capacity backbone for the transit system.
Using the analogy of the telecommunications network, these
static lines are like high speed trunks that connect smaller
subnetworks across potentially large physical distances.

Now that the notation for the subnets and static routes
is defined, the metropolitan-wide transportation system Ψ is
defined by the collection of subnets, transit links connecting
the subnets, and on-demand vehicles within the subnets.
Namely,

Ψ = {Φ, T,D},

where D is the set of all on-demand vehicles in the trans-
portation system Ψ.

It is worth noting that the nature of these subnets and static
transit networks is highly scalable. Much as packets routed
through the internet are passed up a chain of larger and larger
networks, passengers wishing to travel between metropolitan
areas can be passed through layers of larger and larger
networks. For instance, a regional network can be made of
N metropolitan networks {Ψ1,Ψ2, . . . ,ΨN} serviced either
by high-speed inter-city rail, bus, or even aircraft.

The Structure of On-Demand Subnets

On-demand subnets divide a metropolitan region into
smaller sub-regions to avoid the computational complexity
encountered when using one giant on-demand service area
to route passengers across a city. The two main roles of
the subnets are to provide on-demand transportion to and
from local transit stations as well as transportation within
the subnet. This division also provides a solution to the “last
mile” problem by connecting passengers to existing static
transit infrastructure.

If the subnets follow exactly the subnet structure found in
telecommunications, the subnets will be of static size with
a single gateway. The advantage of this type of network is
simplicity in control, i.e., interaction between subnets is not
required to determine how passengers will be routed locally.
The main disadvantage of this structure is evident when
routing passengers between adjacent subnets as illustrated
in Figure 1a, where the hexagons represent subnet coverage
areas and the black diamonds represent transit stations. In
this scenario a passenger wishing to travel between points
A and B would be forced to travel along the dashed line,
which forces the passenger to make two transfers in order



to reach the final destination. In this example, a single on-
demand vehicle providing service for the entire route would
be more efficient.

X

A

B

(a) Non-overlapping Subnets

(b) Overlapping Subnets

Figure 1. Static Subnet Configurations

Since it is not required that the transit model exactly
follow the telecommunications model, other subnet structures
can be explored. For instance, 1b shows a structure with
overlapping subnets and multiple transit gateways located
within each subnet. This scenario will allow single on-
demand vehicles to traverse multiple subnets and can often
avoid the problem shown in Figure 1a. This is still a non-ideal
structure however, as certain trips are not permitted. Consider
a scenario where the solid circles represent passengers all
destined for location X. In this scenario, a single vehicle
servicing all these passengers would be the ideal solution;
however, this solution is not permitted in this type of subnet
structure.

Another possible subnet structure that addresses the prob-
lems above, would create subnets in real time. These subnets
would be of dynamic structure, meaning that their size,
shape, and encompassed transit gateways can change in
time. Furthermore these subnets need not be geographic in
nature. For instance a common destination among far-flung
individuals may represent a subnet, especially in the ride-
sharing case when static transit is likely not used.

V. NITS ANALYSIS AND EXPERIMENTAL RESULTS

The network inspired transportation system offers two
key advantages over currently employed solutions. The first
benefit of the NITS is that it divides the complex dial-a-
ride problem into manageable chunks. The second advantage
is that it leverages existing static transit infrastructure to
solve the “last mile” problem and provide efficient local
transportation.

A. Difficulty of Solving the Dial-a-Ride Problem

The DARP is a modified version of the traveling salesman
problem (TSP) and is known to be NP-hard [18]. The trav-
eling salesman problem seeks to identify the optimal route
to visit N cities. One reason for the difficulty in solving this
problem lies in the larger number of possible permutations.
For N cities there are N ! possible permutations. The DARP
also suffers from this scalability problem. The DARP seeks
to select the order in which to visit a pick-up and drop-off
location for N passengers. For N passengers, there are 2N
locations to be visited. Consider

R = [P1,P , P1,D, P2,P , P2,D, . . . , PN,P , PN,D],

where R is the set of all passenger locations and Pi,P and
Pi,D are the pick-up and drop-off locations of passenger i,
respectively. Since there are 2N locations in R, there are
(2N)! ways in which to visit the locations. However, some of
these permutations are not valid. These invalid permutations
are those in which a passenger’s drop-off location is visited
before his or her pickup-location. Dividing the total number
of permutations by the number of ways in which illegal visits
occur, yields the following formula for counting possible
DAR permutations,

(2N)!

2N
.

This means that for a DARP consisting of 5 passengers,
there are 113,400 possible permutations to consider For 10
passengers this number jumps to 2.38x1015. For a city-
wide DARP, there could be hundreds or even thousands of
passengers requesting service at any given time. Determining
the optimal route under these circumstances is infeasible.

Because of the large number of possible permutations and
because the DARP is NP-hard, analytical solutions are rarely
found outside of very simple instances of the DARP. Popular
methods of solving the DARP include numeric estimation
methods such as genetic algorithms (GA) [19][11][12], tabu
search [20], and simulated annealing [18]. While these tech-
niques may find an approximate optimal solution, for medium
to large instances of DAR (i.e., greater than 20 passengers)
the computation time required to find a solution is on the
order of 3-10 minutes [16][12]. In a real-time scenario this
time delay is not acceptable.

The time to find an optimal or sub-optimal solutions can be
reduced by decreasing the size of the solution search area.
Branch and cut and heuristic search space reduction tech-
niques are presented by Kim et al. and Cordeau in [21][22]
with promising results. Even faster solutions are presented
using heuristic methods. For the online version of the DARP,
Jaw et al., Aldaihani and Dessouky, and Miyamoto et al.
have all proposed heuristic methods for quickly inserting
new passengers into the system [23][16][24]. These heuristic
methods, which search a small subset of all the possible
solutions, quickly locate a feasible solution, but they may
sacrifice both cost and customer satisfaction.



Despite recent efforts in reducing the search space, due
to the curse of dimensionality, dial-a-ride algorithms are not
likely to generate reasonable results for city-wide searches.
This is where the NITS becomes advantageous, as it reduces
the search space by utilizing static transit routes. Instead of
searching across an entire city, the search space is limited to
subnet areas.

B. Comparing DRT and Static Routes

For most cities, static-route buses handle the task of
transporting passengers to train stations. However, DRT will
always perform at least as well as static routes. DRT is
guaranteed to perform at least as well as a static route because
in the event that a dynamic solution cannot be found to beat
the static route, the dynamic vehicle can simply be assigned
to travel along the static route, providing a lower bound for
optimization. However, with a priori knowledge of passenger
locations, it is possible to devise more efficient routes.

As an example, consider the theoretical street network
shown in Figure 2. In this street network, each node is a
bus stop and the edges represent streets connecting the bus
stops. For the sake of simplicity, each street is one unit in
length. The square node, Node 2, is the train station and
gateway node of this subnet. This street network represents
a small, static subnet defined as

φ = {σφ,γφ} = {[1, 3, 4, 5, · · · , 16], [2]}.

Figure 2. Theoretical street network with circles representing bus stops
and the square representing a train/BRT station.

Figure 3 shows the same street layout as in Figure 2 with
a static bus route overlaid. The bus begins and ends the route
at Node 2. A set of experiments was conducted to determine
if a dynamic vehicle could service the area better than a static
route.

The objective function minimized in these experiments is
as follows,

J = α

2N+1∑
i=1

li + β

N∑
j=1

(pW,j + pR,j), (5)

where N is the total number of passengers requiring service,
li is the length of the ith segment traversed by the on-demand

Figure 3. Theoretical street network with static bus route overlaid.

vehicle, pW,j is the distance the vehicle traveled before
passenger j was picked up, pR,j is the distance passenger j
rode on the vehicle, and the weights α and β are the weights
associated with vehicle miles traveled (VMT) and passenger
demands, respectively. The on-demand vehicle is constrained
to begin and end at Node 2.

The length of the static route is 16 units, as illustrated
in Figure 3. Furthermore, pW,j + pR,j is 16 units for all
passengers. In the simulation, passenger pick-up locations
were randomly and uniformly assigned to the nodes in Figure
2, excluding Node 2, since this was the gateway node. The
destination for all the passengers was Node 2. The simulation
utilized a genetic algorithm to optimize the on-demand
vehicle route through the nodes. The optimization routine was
run 100 times for 100 random passenger assignments of three
different passenger counts. The results of the simulations are
shown in Tables I and II.

The results displayed in Table I are from simulations where
α = 1 and β = 0 in Equation 5. For small numbers of
passengers, the on-demand vehicle outperformed the static
bus route in minimizing VMT. The VMT of the static
bus route is 16. In addition to this, passenger wait and
ride times were also decreased. However, as the number
of passengers increased to 25, the on-demand vehicle was
unable to outperform the static bus route.

Table I
RESULTS OF DYNAMIC ROUTING WITH EMPHASIS ON MINIMIZING VMT.

Avg. VMT Avg. pW,j + pR,j

5 Passengers 10.64 10.39
10 Passengers 12.64 12.32
25 Passengers 16.28 15.46

The results displayed in Table II are from simulations
where α = 0 and β = 1 in Equation 5. As in the case
for minimizing VMT, for small numbers of passengers,
the on-demand vehicle outperformed the static bus route in
minimizing passenger wait and ride times. The combined
passenger wait and ride times for the static route bus is 16.
Also, just like the case of minimizing VMT, as the number
of passengers on the route increased, the performance of the
on-demand vehicle approached that of the static bus route.



These results support the argument that on-demand routing
performs especially well in low and medium density areas.

Table II
RESULTS OF DYNAMIC ROUTING WITH EMPHASIS ON MINIMIZING

AVERAGE PASSENGER WAIT AND RIDE TIMES.

Avg. VMT Avg. pW,j + pR,j

5 Passengers 14.50 9.41
10 Passengers 17.92 10.66
25 Passengers 28.7 15.32

VI. CONCLUSIONS

This paper introduces the concept of the network-
inspired transportation system (NITS), which routes passen-
gers through a collection of on-demand transportation subnets
and static transit trunks in a manner analogous to routing
packets through a large telecommunications network. The
framework decreases computational demand by reducing the
search space required by the dial-a-ride problem. The NITS
is also shown to reduce operating cost and improve customer
satisfaction, especially in low and medium density areas. The
purpose of this paper is to introduce the NITS framework
with the caveat that signficant research still needs to be
conducted in order for the NITS to be practically imple-
mented. Future research will focus on designing algorithms
to optimally create on-demand subnets in real time, deter-
mining which cities and areas will benefit from on-demand
transportation versus static transit, and developing more in-
depth simulation models which use real city infrastructure
and passenger data to determine the efficacy of the NITS in
practical implementations.
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