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Abstract

Small commercial on-demand aircraft, with a capacity of 4-6 passengers, short take-off
and landing distance, is an essential contribution towards satisfying mobility demand. The
purpose of this research is to derive a demand model for Western Europe as a potential
market for air taxis. In order to provide a realistic estimation of demand distributions, our
study goes beyond traditional point/gravity-based models by taking a fine-grained grid
view of Western Europe, with demand micro-cells and their interactions, as induced by
a recent model for human mobility. Compared to traditional models, defined on gravity
of city centers, our model is more fine-grained and distinguishes transportation demand
in rural areas from those in the center. Taking into account accessibility to ground-based
transport services, e.g., car, subway, and railway, we are able to derive a high-resolution,
realistic model for estimating air taxi passenger demand, powered by open big data. The
major contribution of our study is an accurate model for estimating the competitiveness
of small air taxis over Western Europe. In order to achieve this contribution, we overcome
several data management challenges, as well as, computational hurdles. Our methodology
can be transferred to solve related demand and accessibility problems.

1 Introduction

With the increasing urbanization, transportation becomes more challenging. Large agglomer-
ations of multi-million peoples, e.g. London, Beijing, Sao Paolo, Sydney, and Mumbai, face
a tremendous amount of transportation demands. The core problem is the same everywhere:
Londoners loose an equivalent of 35 working days per year. The traffic chaos in Sao Paolo
costs the Brazilian economy at least 30 billion dollars per year. The average commute time for
Mumbai residents exceeds a staggering 90 minutes per day. Moreover, not only the pure waste
of time/money should be considered, but also the effect of these stresses on the human body
and the environment. Accordingly, given the wide extend of problems with traffic nowadays,
it is clear that there is a need for a significant change. Solely increasing capacities of existing
transport modes does not lead to the desired goals.

The third spatial dimension (=altitude) is largely ignored in regional transportation so far.
Traditional air transportation [1, 2] is considered as a valid option for longer distances only.
Additional factors, including boarding/deboarding and security checks, increase the total door-
to-door travel time by aircraft significantly, compared to approx. 600 km/h speed in the air.
Therefore, nowadays it is difficult for air transportation to compete with ground transportation,
particularly, given the recent advancement in high-speed rail technology in many areas of the
world [3]. The recently opened railway track between Berlin to Munich, for instance, with a
distance of around 650 km, can be traveled within four hours using the latest ICE (Inter City
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Express) technology. The exterior locations of Munich Airport, as well as, to-be-opened Berlin
Brandenburg International, make it nearly impossible for scheduled aircraft to compete with
the improved high-speed railway network under such conditions.

Yet, throughout the last decade, the vision of air taxis has risen as a promising solution
for satisfying transportation demands on a shorter range. Accordingly, many companies have
started to design prototypes: On-demand, short–to–medium distance, personalized air vehi-
cles [4, 5] have the potential to radically improve urban and regional mobility, save time in
peoples’ daily commutes as well as on regional thin haul connections [6]. A network of small,
electric or hybrid-electronic air taxis, which can take off and land at smaller areas, due to their
limited size, is on the way to revolutionize the way we think about transportation. Conduct-
ing a conceptual study for the applicability and effectiveness of using on-demand air taxis is
computational challenging, mainly due to the conflict of modeling a large urban area of up to
1000 km diameter and the desire to have a high-resolution model that can be used for accurate
prediction of transportation mode usage, when introducing a service of on-demand air taxis.

The purpose of this research is to design and implement a framework for estimating the
competitiveness of air taxis on specific links. This effort requires to solve several challenges,
including data management, accurate modeling of multi-modal transportation infrastructure,
and computation hurdles induced by the size of the region of interest. In this study, we
develop a travel time estimation framework, which is able to compute a lower bound for the
travel time between any two points in the region of interest, taking into account four different
transportation modes: Car, aircraft, railway, and air taxis. We integrate multiple datasets
which are available at planet-scale and show how they need to be adapted for estimating travel
time boundaries. In detail, we combine transportation data modeled in Openstreetmap (OSM)
with the publicly available Open Source Routing Machine (OSRM) and OpenAIP, a dataset
on airspace restrictions. Moreover, for determining properties of the regions of interest, such
as water/land-coverage and population density, we use the database Gridded Population of the
World (GPW). Moreover, we integrate a recently-proposed demand model for population-wide
mobility with memory effects [7]. Throughout the study, we split the region of interest into a
number of grid cells, which allows for much more fine-grained analysis, compared to traditional
inter-city models.

This paper is organized as follows. Section 2 reviews the existing literature on air taxi
demand and routing problems. Section 3 proposes and discusses the methodology for estimating
travel times with existing transportation modes at a large scale with fine resolution, and how
to relate travel time to demand. We report the results of an experimental evaluation on Europe
in Section 4. The paper is concluded with Section 5.

2 Literature Review

The emerging business model of on-demand air taxis has been analyzed by several researchers
in the past. Here we briefly review the most relevant studies. Potential market sizes in
Germany were estimated, with a comprehensive analysis of the entire German population and
their linear spatial distances to feasible airfields [6]. Similarly, the economical assessment on
the German market has been reported in [8]; the willingness-to-pay for the on-demand air
mobility was determined, yielding mainly: Travel speed, distance, convenience, spare time for
non-transport related activities, and spontaneity to start a journey. In a wider overview study,
[9] found that despite of the dramatic technology innovation, several challenges still remain in
the ultimate application of personal air vehicles, especially safety, infrastructure availability
and public acceptance. A few studies analyzed the network topologies of on-demand air taxis,
including [10, 11, 12].

Several studies have addressed scheduling problems over smaller aircraft. [13] proposed a set
partition model to solve aircraft scheduling problem and verify it using a dataset with at most
76 nodes and 100 aircraft, with further extensions in [14]. [15] adopted the set partition model
and provided a detailed description of aircraft routing problem for per-aircraft air taxi operator.
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Contrary to the column generation used in [13], they used a K-shortest path alike algorithm
to generate feasible routing pools for set partition. [16] presented an integer multi-commodity
network flow model for on-demand air transportation service and solved large instances with
over 300 aircraft and over 2,800 requests by parallel local search algorithm [17]. [18] proposed a
standard mixed-integer programming model for on-demand aircraft assignment problem, with
multiple types of aircraft and a set of flight requests, and the objective function is to minimize
the total costs with reposition flights. The problem instance was up to 102 flight requests, 52
airports, 30 aircraft, and 6 aircraft types, and CPLEX was used to solve this problem.

There are several operational challenges when implementing on-demand air transportation
systems. A case study on Log Angeles[19] found key operational constraints facing hypothetical
on-demand mobility aviation services, among which five are critical: Noise and public accep-
tance, accessibility of takeoff and landing areas, interaction with air traffic control, ground
infrastructure, and flight density. The first three key operational constraints were further
investigated in [20] and potential mitigation approaches were discussed as well. In order to
ensure the best possible match between supply and demand for an air taxi company, [21] used
a system engineering design method together with a design-to-value requirement analysis to
model the values. [22] investigated the operational costs of air taxi operations and a dynamic
programming approach was used to perform cost-effective and flexible optimization of the
costs. A case study with ten airports, 38 routes, and 270 flight requests per week was used
to represent the air taxi network of Etirc Aviation (a company which operates personalized
business flights in Europe and Russia). [23] proposed a single provider air taxi service model,
characterizing the week-to-week flow of passengers and aircraft. Two models were compared:
Discrete-event model and a flow model. It was shown that the flow model could be used for
a pricing application. Because of the absence of data, hypothetical air taxi service scenarios
were used.

3 Methodology

The major driver controlling the success of small on-demand aircraft is the competitiveness
with existing transportation modes and the demand. In general, on-demand air taxis are likely
successful for trips which a) do not have fast alternatives with the existing transportation
infrastructure and b) have still reasonably high demands to be served regularly in some kind
of air taxi network. In order to answer these two questions, we design a grid-based framework
which enables us to estimate the travel time between grid cells first. In addition, we implement
a recently-proposed algorithm for estimating the travel demand between any two points, and
incorporate it into our grid-based framework. Finally, we combine both estimation techniques
into a common estimator which aims to predict the potential success of on-demand air services
for specific grid cell pairs.

In order to conduct our study, we model the transportation inside a region of interest by
splitting the region into a number of grid cells. Such a grid representation allows for much
more fine-grained analysis, compared to traditional inter-city models. In Figure 1, we visualize
a part of Europe (see Section 4 for details about selected countries) as overlaid by a grid,
highlighting grid cells with a population density larger than 200 people per square km. If
we want to compute travel times between all grid cell pairs, it is infeasible to use existing,
web-based routing engines, such as those provided by Google or Microsoft Bing, since the
number of queries is usually limited by their APIs. Therefore, we develop our own framework
for estimating travel times between any two grid cell centers. Based on Openstreetmap, a
community-driven project which aims at creating an editable map of the whole world, we
extract different transportation layers, including car and rail transportation. We summarize
the computation of travel times for different modes as follows:

By car: The door-to-door travel time between two grid cells g1 and g2 by car is estimated
by:
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Figure 1: A grid-based visualization of the countries in our study (ISO-3 country codes): AUT, BEL, CHE,
BGR, CZE, DNK, FRA, DEU, IRL, ITA, LTU, LUX, NLD, PRT, ESP, and GBR at a resolution of 150 x 150
= 22,500 grid cells. Light-blue grid cells contain more than 50 percent water at the cell center coordinate or do
not cover regions in our study. The pink cells have a population density larger than 200 people per square km.

Tcar = TOSRM (1)

where TOSRM is obtained from routing with Open Source Routing Machine (OSRM)
over OSM data. The project OSRM [24] provides scalable routing algorithms on top of
Openstreetmap by simplifying shortest path calculation with the use of so-called contrac-
tion hierarchies, which allows to take shortcuts during the answering of longer-distance
queries. For this study, we make a set of assumptions, which aim at making the car travel
time estimation more realistic. The vehicle width is assumed to be 1.9 meters and the
height at most 2.5 meters (which is important to consider when deciding whether narrow
streets can be passed by a vehicle or not). The default speed on highways is assumed
to be 90 km/h, unless the speed is explicitly annotated in OSM, which is often the case.
Different speed constants are assumed for other non-annotated rural roads, depending
on the road surface, i.e., rocky roads at 20 km/h and mud roads at 10 km/h. We have
included turn restrictions as they are modeled in OSM; also we included the option for
transporting cars by ferries from OSM-modeled car terminals (at a speed of 5 km/h) and
transporting cars by shuttle trains on modeled routes (at a speed of 10 km/h).

By air taxi: The lower bound for the travel time by air taxi between two grid cells g1 and
g2 as follows:
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Tairtaxi = Taccess + Tboarding + Tflight + Tdeboarding + Tegress (2)

We explain the components of the door-to-door travel time by air taxi Tairtaxi below.
First, we compute the access time Taccess by car from g1 to a nearby airfield; we evaluate
multiple airfields, see below. Next, we take into account a buffer time Tboarding which
stands for leaving the car, entering the airfield, and boarding the aircraft. Throughout
this study, we set Tboarding = 20 minutes. Tflight is the actual flight time between two
airfields, one close to g1 and the other close to g2. We estimate the actual flight time by
routing air taxis through non-restricted airspace along the shortest available route, taking
into account airspace data from OpenAIP. At an average speed of 200 km/h at flight level
100, avoiding zones with flight restrictions as: Prohibited, danger, and restricted. The
time Tdeboarding is set to 15 minutes, which includes leaving the airfield and entering a
car for reaching the destination grid cell. Finally, Tegress estimates the time driving from
an airfield to the center of the destination grid cell by car. Both, Taccess and Tegress, are
obtained by computing TOSRM as described above.

Regarding the choice of source and destination airfields, we use a simple selection strat-
egy as follows: For each grid cell (source/destination), identify three closest airfields, in
terms of driving time, and then compute Tairtaxi for all 3*3 combinations of source
and destination airfields. Finally, take the minimum Tflight from all nine combina-
tions as an estimation for the shortest travel time by air taxi. The airfield informa-
tion (location, offering scheduled flights or not), comes from an open airport database
(http://ourairports.com). We have only selected airfields without scheduled services.
The rationale is that air taxis are unlikely to use large airports such as Frankfurt (FRA)
or Berlin-Tegel (TXL), simply because there is not enough capacity, especially depar-
ture/arrival slots. Regional airports without fixed schedules, on the other hand, are
likely to welcome operators of on-demand air taxis to use their airfields.

By aircraft: The travel time for aircraft between two grid cells g1 and g2 as follows, with
some modifications explained below:

Taircraft = Taccess + Tcheckin + Tboarding + Tflight + Tdeboarding + Tegress (3)

Taccess and Tegress are computed in the same way as for Tairtaxi. The difference here
is regarding the choice of source and destination airport: For the routing of aircraft, we
only use airports which have scheduled flights according to http://ourairports.com.
Other airports (smaller ones, without scheduled flights) are discarded for routing aircraft.
We set Tcheckin + Tboarding = 75 and Tdeboarding = 20 minutes, given the more strict
requirements on check-in, luggage handling and security checks, together with limited
capacities, at large airports. Finally, Tflight is obtained by routing the aircraft through
the airspace at flight level 300, instead of flight level 100; at an average speed of 600
km/h.

By rail: The railway travel time is composed of the following elements:

Trail = Taccess + Tboarding + Ttrain + Tdeboarding + Tegress (4)

Taccess is the access time by car to a railway station, Tboarding is the time spent at the
railway station (15 minutes in this study), Ttrain is an estimation of the actual driving
time by train, Tdeboarding is the time spent at the destination station (15 minutes in this
study), and Tegress the time required to drive by car from the destination station to the
center of the destination grid cell. For estimating the train travel time, Ttrain, we use a
recently published methodology based on Openstreetmap [3].
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Figure 2: Door-to-door travel time competitiveness of transportation modes starting from the city center of
Hamburg.

In order to take into account actual demand, we employ a recently proposed universal
model for population mobility [7]. This model combines memory effect and population-induced
competition to enable accurate prediction of human mobility based on population distribution
only. It derives a memory-inducing variable λ, and evaluates its value for several spatial regions.
For Belgium, a representative region of Europe, a value of λ = 25 was found, which is used
throughout this study.

4 Results

In this section, we report the results of our study, by evaluating the potential competitiveness
of air taxis regarding door-to-door travel time over the area of Europe. For this purpose,
we take the region of Western Europe. We analyze this region of interest at a resolution of
150*150=22,500 grid cells.

4.1 Competition example

As a motivating example, we visualize the assessment methodology for a specific city as an
example. We compare the competitiveness for all four transportation modes starting from
the city center in Hamburg. For each grid cell, we identify the fastest transportation mode
regarding door-to-door travel time from the city center. The result is visualized in Figure 2,
with different colors for each transportation mode. We can obtain several observations from
this example:
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Figure 3: Top 1000 links between highly-populated grid cells with highest decrease in travel time, when intro-
ducing air taxi service over Europe.

1. Around the city center, transportation is usually fastest by car (highlighted in yellow
color). It should be noted that the transition points, where car is not the dominating
mode of transportation, is not defined circular around the city center, but rather depends
on the direction and distance. Some parts are rather well-connected: For instance, the
connection to Berlin by car is quite competitive, since the East of the city center provides
quick access to the A24 directly leading towards Berlin. Only once almost reaching Berlin,
the fastest transportation mode changes to rail.

2. In case of Hamburg, very few grid cells are reached fastest by rail (colored in blue). The
only directions which can be dominated by rail are the South-East (direction Berlin) and
South-West (Bremen and beyond).

3. Air taxi would be a very strong competitor for rail at the medium-distance range. In
fact, for Hamburg, the majority of medium-distance grid cells is dominated by access via
air taxis (colored in red).

4. When further increasing the distance, aircraft take over as the dominating mode of trans-
portation, when optimizing towards travel time alone.

4.2 Interesting links without demand consideration

Based on the travel time reduction by using air taxis, we use the following formula to estimate
the success of an on-demand air taxi service:
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Figure 4: Top 1000 links between highly-populated grid cells with highest decrease in travel time, together with
the consideration of demand estimation, when introducing air taxi service over Europe.

S1 =
min(Tcar, Taircraft, Trail)

Tairtaxi
(5)

The intuition of this formula is that an air taxi service is more likely to succeed, if the
service reduces the travel time between grid cell pairs significantly.

We highlight the top 1000 highly-populated grid cell pairs according to the speed up of
air taxis compared to existing transportation modes (car, aircraft, rail) for Western Europe
in Figure 3. We identify several areas where an air taxi network indeed reduces the travel
time significantly. It can be seen that air taxis are mainly beneficial in areas crossing water.
For instance, the connection of England and France over the English Channel, the connec-
tion of Sicily and mainland Italy, and the connection of Northern Germany with Denmark.
Other highly-potential grid cell pairs are found in mountainous areas Between Germany and
Czech/Italy. Here, existing ground-based transportation modes are rather slow, since they
are bound to few man-made channels (mainly tunnels) going through these mountains. Fi-
nally, another interesting region is located in the South-West of Spain, where existing regional
transportation is rather undeveloped, with long distances to airports and railway stations.

4.3 Interesting links with demand consideration

Based on the demand estimation D between grid-cell pairs and the travel time reduction by
using air taxis, we estimate the success of an on-demand air taxi service as follows:
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S2 =
min(Tcar, Taircraft, Trail)

Tairtaxi
∗D (6)

The intuition of this formula is as follows: First, an air taxi service is more likely to
succeed, if it reduces the travel time between grid cell pairs significantly. Second, higher
demands increase the likelihood of regular flight requests, and thus, the more likely there
would be regular on-demand services in this region. The top 1000 links regarding criterion
S2 are reported in Figure 4. We find these results significantly different from those without
demand consideration (refer to Figure 3). When the demand is considered, we have many
links with high potential inside Spain, Great Britain, and France, connecting major cities.
Interestingly, the Western part of Germany together with Netherlands and Belgium, does not
have links with high potential. The reasons are twofold. First, the railway infrastructure is
rather well developed in these regions. Second, given the large agglomeration of high-demand
grid cells, many travels take place inside the metropolitan areas, compared to traveling to outer
parts.

5 Conclusions

Opening the third dimension for serving regional transportation demands can be a major
contribution for solving mobility challenges in the 21st century. In our study, we designed
and implemented a framework which identified links with high-potential for being served by
air taxis. We propose and implement a travel time estimation framework between grid cells,
taking into account four different travel modes: Car, railway, aircraft, and air taxis. Our
framework is based on open datasets only, all of which are publicly available at a rather high
resolution and wide coverage, most notably Openstreetmap. Our framework is used to assess
the competitiveness of air taxis in Western Europe. We identify links with high potential
for to-be-considered air taxi service. We find that taking into account the overall demand
significantly changes the links, compared to travel time speedup alone.

Acknowledgement

This study is supported by the National Natural Science Foundation of China (Grant No.
61650110516 and Grant No. 61601013).

References

[1] X. Sun, S. Wandelt, X. Cao, On node criticality in air transportation networks, Networks
and Spatial Economics 17 (3) (2017) 737761.

[2] X. Sun, S. Wandelt, F. Linke, Temporal evolution analysis of the european air trans-
portation system: air navigation route network and airport network, Transportmetrica B:
Transport Dynamics 3 (2) (2015) 153–168. doi:10.1080/21680566.2014.960504.
URL http://dx.doi.org/10.1080/21680566.2014.960504

[3] S. Wandelt, Z. Wang, X. Sun, Worldwide railway skeleton network: Extraction method-
ology and preliminary analysis, IEEE Transactions on Intelligent Transportation Systems
18 (8) (2017) 2206–2216. doi:10.1109/TITS.2016.2632998.

[4] J. Schippl, M. Decker, T. Fleischer, Personal air vehicles as a new option for commuting
in europe: Vision or illusion?, in: 41st European Transport Conference (ETC 2013),
Frankfurt, September 30 - October 2, 2013.

9



[5] B. J. Holmes, A vision and opportunity for transformation of on-demand air mobility, in:
16th AIAA Aviation Technology, Integration, and Operations Conference, AIAA AVIA-
TION Forum, 2016.

[6] M. Kreimeier, A. Mondorf, E. Stumpf, Market volume estimation of thin-haul On-Demand
Air Mobility services in Germany, in: 17th AIAA Aviation Technology, Integration, and
Operations Conference, AIAA AVIATION Forum, 2017.

[7] X.-Y. Yan, W.-X. Wang, Z.-Y. Gao, Y.-C. Lai, Universal model of individual and popu-
lation mobility on diverse spatial scales, Nature Communications 8 (1) (2017) 1639.

[8] M. Kreimeier, E. Stumpf, D. Gottschalk, Economical assessment of air mobility on demand
concepts with focus on Germany, in: 16th AIAA Aviation Technology, Integration, and
Operations Conference, AIAA AVIATION Forum, 2016.

[9] Y. Liu, M. Kreimeier, E. Stumpf, Y. Zhou, H. Liu, Overview of recent en-
deavors on personal aerial vehicles: A focus on the US and Europe led re-
search activities, Progress in Aerospace Sciences 91 (Supplement C) (2017) 53 – 66.
doi:https://doi.org/10.1016/j.paerosci.2017.03.001.
URL http://www.sciencedirect.com/science/article/pii/S0376042116301105

[10] P. A. Bonnefoy, Simulating air taxi networks, in: Proceedings of the 37th conference on
Winter simulation, Winter Simulation Conference, 2005, pp. 1586–1595.

[11] M. Mane, W. Crossley, An approach to predict impact of demand acceptance on air taxi
operations, in: 7th AIAA Aviation Technology, Integration, and Operations Conference,
2007.

[12] G. Wawrzyniak, L. Millard, D. A. DeLaurentis, Analysis of network topologies for on-
demand, intra-theater air mobility command operations, in: 9th AIAA Aviation Technol-
ogy, Integration, and Operations Conference, 2009.

[13] W. Yang, I. Z. Karaesmen, P. Keskinocak, S. Tayur, Aircraft and crew scheduling for
fractional ownership programs, Annals of Operations Research 159 (1) (2008) 415–431.

[14] W. Yang, I. Z. Karaesmen, P. Keskinocak, Managing uncertainty in on-demand air travel,
Transportation Research Part E: Logistics and Transportation Review 46 (6) (2010) 1169–
1179.

[15] F. Van der Zwan, K. Wils, S. Ghijs, Development of an aircraft routing system for an air
taxi operator, in: Aeronautics and Astronautics, InTech, 2011.

[16] D. Espinoza, R. Garcia, M. Goycoolea, G. L. Nemhauser, M. W. Savelsbergh, Per-seat,
on-demand air transportation part I: Problem description and an integer multicommodity
flow model, Transportation Science 42 (3) (2008) 263–278.

[17] D. Espinoza, R. Garcia, M. Goycoolea, G. L. Nemhauser, M. W. Savelsbergh, Per-seat,
on-demand air transportation part II: Parallel local search, Transportation Science 42 (3)
(2008) 279–291.

[18] P. Munari, Mathematical modeling in the airline industry: optimizing aircraft assignment
for on-demand air transport, Brazilian Society of Computational and Applied Mathemat-
ics 5 (1).

[19] P. D. Vascik, R. J. Hansman, Constraint Identification in On-Demand Mobility for Avia-
tion through an Exploratory Case Study of Los Angeles, in: 17th AIAA Aviation Tech-
nology, Integration, and Operations Conference, 2017.

10



[20] P. D. Vascik, R. J. Hansman, Evaluation of Key Operational Constraints Affecting On-
Demand Mobility for Aviation in the Los Angeles Basin: Ground Infrastructure, Air Traf-
fic Control and Noise, in: 17th AIAA Aviation Technology, Integration, and Operations
Conference, 2017.

[21] Designing the Real-time Resource Allocation Process of an Air Taxi company like Air
France-KLMs BlueJet from a Value-Processing Perspective, Tools and Methods of Com-
petitve Engineering.

[22] B. de Jong, Optimizing cost effectiveness and flexibility of air taxis, Master’s thesis, Uni-
versity of Twente (2007).

[23] D. W. Lee, E. J. Bass, S. D. Patek, J. A. Boyd, A traffic engineering model for air taxi
services, Transportation Research Part E: Logistics and Transportation Review 44 (6)
(2008) 1139 – 1161. doi:https://doi.org/10.1016/j.tre.2007.10.004.
URL http://www.sciencedirect.com/science/article/pii/S1366554507001123

[24] D. Luxen, C. Vetter, Real-time routing with openstreetmap data, in: Proceedings
of the 19th ACM SIGSPATIAL International Conference on Advances in Geographic
Information Systems, GIS ’11, ACM, New York, NY, USA, 2011, pp. 513–516.
doi:10.1145/2093973.2094062.
URL http://doi.acm.org/10.1145/2093973.2094062

11


