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Preface 

This publication only reflects the view of the METROPOLIS Consortium or selected participants thereof. 

Whilst care has been taken to ensure that this information is accurate, it may be out of date or 

incomplete. Neither the METROPOLIS Consortium participants nor the European Community are liable 

for any use that may be made of the information contained herein. 

This document is published in the interest of the exchange of information and it may be copied in whole 

or in part providing that this disclaimer is included in every reproduction or part thereof as some of the 

technologies and concepts predicted in this document may be subject to protection by patent, design 

right or other application for protection, and all the rights of the owners are reserved. 

The information contained in this document may not be modified or used for any commercial purpose 

without prior written permission of the owners and any request for such additional permissions should 

be addressed to the METROPOLIS co-ordinator. (Prof.dr.ir. Jacco Hoekstra, Delft University of 

Technology, Faculty of Aerospace Engineering, Kluyverweg 1, NL-2629HS, Delft, The Netherlands)  
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Executive summary 

In this report, four future scenarios envisioned for Metropolis are defined. The scenario definitions 

encompass population and city size, as well as traffic volume and city physical characteristics. 

Additionally, practical considerations to implement the scenarios in the simulation environment are also 

discussed. The scenarios act as inputs/requirements for the airspace concepts that are to be detailed in 

work package 2.  
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1 Introduction 

The fundamental research goal of the Metropolis project is to study the relationship between airspace 

structure and airspace capacity for future urban airspace scenarios in which Personal Aerial Vehicles 

(PAVs) and Unmanned Aerial Vehicles (PAVs) are expected to be widely available. This goal is to be 

achieved by performing batch simulations for anticipated future scenarios. 

This report aims to paint a picture of the future by defining four scenarios that are based on population 

and traffic growth. The scenarios will be used to evaluate four potential airspace concepts: full mix, 

layers, zones and tubes.  

The report starts by describing current population and size of Paris, the city that is used as a baseline to 

determine the future Metropolis scenarios. Using the current Paris levels, four future population 

scenarios are defined in chapter 21. Subsequently, in chapter 3, performance specifications of the aerial 

vehicles of interest are presented, as well as an estimate for traffic volumes of the future scenarios. 

These traffic volumes are computed by extrapolating current road traffic quantity with expected future 

population sizes. In chapter 3, physical characteristics of the city are described, including the 

computation of the minimum physical simulation area to adequately study the differences between the 

aforementioned airspace concepts.  

  

                                                           
1
 Note the defined scenarios for Metropolis are not to be seen as predictions for Paris in 2050. Rather they are 

designed with the aim of investigating airspace capacity limits.  
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2 Population and City Growth Scenarios 

In this chapter, the population and physical characteristics of four future Metropolis scenarios are 

defined. As mentioned in Metropolis deliverable D1.1 [1], the characteristics of the Paris region will be 

used as a starting point for defining the Metropolis scenarios. To this end, this chapter is divided into 

two sections. First in section 2.1, the demographics of Paris in 2001 are presented. Subsequently, using 

the 2001 numbers as a baseline, four future scenarios for Metropolis are defined in section 2.2.   

2.1 Demographics of Paris in 2001 

According to the French National Institute of Statistics and Economic Studies (INSEE), the metropolitan 

region of Paris, known as Ile-de-France, can be split into three distinct zones [2]:  

1. City of Paris (depts. 75) 

2. Inner Ring (depts. 92,93,94) 

3. Outer Ring (depts. 77,78,91,95) 

These three zones can be visualized in Figure 2.1 below:  

 

Figure 2.1: Metropolitan region of Paris known as Ile-de-France [2]. Note that the Ile-de-France metropolitan area 
extends slightly beyond the outer ring. 

 

In 2001, the total population of Ile-de-France was 11.1 million, with an average population density of 

928 inhabitants per km2, and an area of 12,012 km2 [3]. Table 2.1 breaks down the demographics for the 

three above mentioned zones of Il-de-France: 

Table 2.1: Demographics of the zones of Ile-de-France in 2001 [3] 

Zone Population [-] Population [%] Pop. Density [/km
2
] Area [km

2
] 

City of Paris 2,141,500 18.97 20,395 105 

Inner Ring 4,136,500 37.45 6,296 657 

Outer Ring 4,866,200 43.58 433 11,250 

Ile de France 11,144,200 100.00 928 12,012 
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2.2 Metropolis Scenarios for 2050 

The population growth of the Ile-de-France region from 1991 to 2012 can be seen in  

Figure 2.2 below: 

 

Figure 2.2: Population of Ile-de-France from 1991 to 2012 [3] 

If population size continues to grow at the current pace, the projected population of the Ile-de-France 

region in 2050 is approximately 14 million. Therefore, the first scenario for Metropolis is also defined 

with a population size of 14 million. Three additional scenarios are defined with population sizes of 18, 

22 and 26 million inhabitants. These values were chosen as they are similar to the population of present 

day metropolitan areas of the following mega-cities: Beijing (18.2 million), Seoul (22.9 million) and 

Jakarta (28 million) [1].  

The following additional assumptions are used to further define the Metropolis scenarios:  

1. Each zone of the city has the same proportion of inhabitants as Paris in 2001, see Table 2.1. For 

instance the city center for all Metropolis scenarios is expected to have 18.97% of the total 

population. 

2. The physical areas of each zone of the four Metropolis scenarios are estimated by increasing the 

areas of the city center, inner ring and outer ring regions of Ile-de-France in 2001 by 10%, 15% 

and 20% respectively. This is done to take into account that population growth has always been 

accompanied with an increase in city area in the past [1]. Furthermore, the outer ring is 

expected to grow the most due to congestion and saturation of inner city areas.  

3. Population density of the scenarios follows from the population size and physical area of each 

city zone defined by assumptions 1 and 2 above.  
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Using these assumptions, the demographics of the four future Metropolis scenarios for 2050 are 

summarized in Table 2.2  below: 

Table 2.2: Projected Metropolis population and size for four future scenarios 
 

 Scenario 1 Scenario 2 

 Population Pop. Density 
[/km

2
] 

Area  
[km

2
] 

Population Pop. Density 
[/km

2
] 

Area  
[km

2
] 

City Center 2,690,278 23,292 116 3,458,929 29,947 116 

Inner Ring 5,196,515 6,878 756 6,681,233 8,843 756 

Outer Ring 6,113,207 453 13,500 7,859,837 582 13,500 

Total 14,000,000 974 14,371 18,000,000 1,253 14,371 

 Scenario 3 Scenario 4 

 Population Pop. Density 
[/km

2
] 

Area  
[km

2
] 

Population Pop. Density 
[/km

2
] 

Area  
[km

2
] 

City Center 4,227,580 36,602 116 4,996,231 43,257 116 

Inner Ring 8,165,952 10,808 756 9,650,670 12,773 756 

Outer Ring 9,606,468 712 13,500 11,353,098 841 13,500 

Total 22,000,000 1,531 14,371 26,000,000 1,809 14,371 

 

The demographic data listed in Table 2.2 will be used as a starting point for computing traffic volumes 

for future scenarios in chapter 3. Multiple scenarios are defined so that the airspace concepts (full mix, 

layers, zones and tubes) that will be designed in work package 2 can be evaluated under different cases. 

Defining multiple scenarios also increases the probability of finding differences in the dynamics between 

airspace concepts and improves the ability to discover the limits of a particular concept. The city area 

remains constant between scenarios so that the same city model can be used for all four scenarios. For 

more information about the physical characteristics of the city used for the simulation, the reader is 

referred to chapter 3.4.  

It should be noted that the four Metropolis scenarios listed in Table 2.2 are not meant to be predictions 

of Paris demographics in 2050. Furthermore, the high population size and densities, particularly for 

scenarios 3 and 4, are not typical of European cities. However, these extreme conditions are needed to 

simulate extreme traffic volumes such that capacity limits of the four airspace concepts can be 

determined, the primary goal of the Metropolis project. If simulations (to be performed in work package 

4) reveal that a particular airspace concept reaches its limit for scenario 4, then it is possible to conclude 

that while a theoretical limit exists, this limit will most likely not be reached in reality. None the less, the 

high population density of 43,257 inhabitants per square kilometer for scenario 4 is comparable to the 

population density of Manila (42,858 [/km2] [4]), the capital city of the Philippines.  
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3 Vehicle Modeling and Traffic Projections 

This chapter is divided into four sections. The types and performance specifications for the vehicles of 

interest to the Metropolis project, as well as the computation of traffic volume estimates for future 

scenarios are given in sections 3.1 and 3.2 respectively. In section 3.3 the four categories of traffic that 

will be considered are listed. Finally in section 3.3, the distribution of traffic by time of day is given.  

3.1 Vehicle Types and Performance Specifications 

For the Metropolis project, performance specifications of aircraft being designed at present are used. 

This minimizes the number of assumptions that need to be made, thus making the results of the 

research more realistic and applicable to the present in addition to future scenarios. Two distinct types 

of vehicles are envisioned for Metropolis:  

1. Manned Aerial Vehicles: Personal Aerial Vehicles (PAVs) and Mass Transit Aerial Vehicles  

     (MTAVs) 

2. Unmanned Aerial Vehicles 

The performance specifications required for each vehicle are those required to simulate and predict 

vehicle trajectories. These include vehicle speed and acceleration capabilities and also other practical 

parameters such as mass (for wake turbulence and minimum separation), mileage (to determine 

decrease in mass with time) and take-off and landing distances. Since most vehicles of interest to the 

Metropolis project are still in the design phase, not all performance specifications needed are readily 

available. In the following subsections the specifications that could be found in literature are presented 

in tables. The unknown parameters need to be estimated in the future. This can be done by 

interpolating data of currently flying aircraft that are similar to those selected for Metropolis scenarios. 

3.1.1 Manned Aerial Vehicles 

 
PAVs are expected to replace a certain proportion of personal ground transportation in the future. 

Based on a review of aircraft currently being developed, the Terrafugia TF-X and the PAL-V One have 

been found to be good aerial substitutes for cars and motorbikes respectively [1]. The performance 

specifications of these two vehicles can be found in  

Table 3.1 and Table 3.2.  

 
Table 3.1: Performance specifications

2
 of the Terrafugia TF-X[3] 

Type Fixed-wing VTOL 

Passengers 4 

Range [NM] 435 

Cruise Speed [kts] 174 

Payload [kg] 277 

Millage [Km/l
 

8.5 

 

                                                           
2
 Payload and mileage specifications for the TF-X are based on the similar Terrafugia Transition PAV  
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Table 3.2: Performance specifications of the PAL-V One [4] 

Type Gyrocopter 

Passengers 2 

Empty mass [kg] 680 

Max power [kW] 170 

Max mass [kg] 910 

Max speed [kts] 97 

Stall speed [kts] 27 

Range [NM] 190-270 

Mileage [l/h] 36 

Take-off distance [m] 165 

Landing distance [m] 30 

 

 

The two PAVs listed above are limited in the number of passengers they can carry. In the future it is 

anticipated that tilt-rotor aircraft will fulfil the function of aerial minivans with ability to transport 

between six and ten passengers. Tilt-rotor aircraft can take-off vertically like a helicopter, but can 

achieve cruise performance similar to fixed-wing aircraft. For aerial minivans, the Agusta Westland 

AW609 has been selected as it is the only civilian tilt-rotor under development at present. The 

performance specifications of the AW6093 are listed in Table 3.3.  

 

Table 3.3: Performance specifications of the Agusta Westland AW609 [5] 

Type Tilt-rotor 

Crew 2 

Passengers 9 

MTOW (VTOL) [kg] 7620 

MTOW (STO) [kg] 8164 

Max power (2 x PW PT6C-67A) [kW] 1249 

Max Speed [kts] 333 

Cruise Speed [kts] 275 

Service Ceiling [ft] 25,000 

Max Range [NM] 700 

Fuel capacity [l] 1397 

 

3.1.2 Unmanned Aerial Vehicles 

The Metropolis vision anticipates UAVs to be used for package delivery from a cargo distribution center 

to individual residences and offices. For this purpose, the Microdrones MD4-3000 quad-copter UAV has 

been selected due to its high payload capability, speed and range. The specifications of the MD4-3000 

are listed in Table 3.4.  

Table 3.4: Performance specifications of Microdrones MD4-3000 quad-copter UAV [7] 

                                                           
3
 Note that although the AW609 requires two professionally trained pilots, it is expected that advances in 

automation will allow these aircraft to operate with minimal supervision by 2050 such that everyday users can 
operate them. 
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Type Quad-Copter 

MTOW [kg] 15 

Payload [kg] 3 

Cruise Speed [kts] 31 

Endurance [Hr]  0.75 

Range [NM] 23 

Service Ceiling [ft] 13100 

 

Figure 3.1 to Figure 3.4 depicts the aerial vehicles of interest in the Metropolis project. 

 
Figure 3.1: Terrafugia TF-X VTOL PAV [4] 

 
 

 
Figure 3.2: PAL-V One gyrocopter [5] 

 

 
Figure 3.3: Agusta Westland AW609 tilt-rotor [6] 

 
Figure 3.4: Microdrones MD4-3000 quad-copter UAV [7] 

 

3.2 Traffic Volume Estimates for Future Scenarios  

In this section, estimates of the average aerial traffic volumes per hour for the four Metropolis scenarios 

for 2050 are given. These estimates are derived by extrapolating the current levels of road traffic in Paris 

to the population size of the four future scenarios presented in section 2.2.  

 

3.2.1 Current Road Traffic Levels in Paris 

The relevant road traffic statistics for Paris in 2001 are listed in Table 3.5.  

 

http://www.helicoptersales.com/images/bell-boeing609tiltrotor[1].jpeg
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Table 3.5: Traffic statistics for Paris in 2001 [8] 

Traffic composition 

Cars [%] 82 

Motorbikes [%] 6 

Vans [%] 7 

Trucks [%] 5 

Traffic Numbers (per day) 

Ile-de-France 2,865,389 
Per capita automobile 
ownership 0.257 

 

3.2.2 Assumptions and Computation Procedure to Estimate Future Traffic Volumes 

PAVs 

With the traffic statistics listed in Table 3.5, the volume of manned aerial vehicles per hour is computed 

using the following assumptions and computation procedure:  

1. It is assumed that per capita ownership of automobiles remains constant at the 2001 level of 

0.257. Therefore total traffic size for future scenarios can be computed by multiplying this 

factor with the expected population for each scenario listed in Table 2.2. 

2. By 2050, it is assumed that the market penetration of aerial vehicles is     of all motorway 

traffic [1]. As a result, aerial vehicles are expected to replace 16.7% of all traffic. 

3. Terrafugia TF-X, PAL-V One and Agusta Westland AW609 are aerial substitutes for cars, 

motorbikes and minivans. As a consequence aerial vehicles will be divided into these three 

vehicle types by the same proportion as in 2001 i.e., 82%, 6% and 7% respectively.  

UAVs 

To determine the amount of UAVs for the Metropolis scenarios, the per capita demand for UAV based 

package delivery is first estimated. In present day France, literature shows that the average person 

orders 13.4 packages per year [9]. The following assumptions are used to determine the number of UAV 

packages in the future:  

1. Only express delivery packages are delivered using UAVs. At present this is 48% of all web-based 

orders [9].  

2. Only packages under 2.3 [kg] are delivered using UAVs. This is 86% of all packages [1]. 

3. 3D printing and cloud based services are expected to reduce the amount of multimedia products 

(books, movies, music etc.) that are physically delivered to customers. To study the influence of 

these new technologies on package delivery, a survey was conducted to study the online 

shopping behavior of the students of the faculty of Aerospace Engineering at TU Delft. Using 

data from the 27 survey respondents, it was determined that 70% of the products ordered by 

students could be delivered by UAVs in the future. Whilst it is recognized that student lifestyles 
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are not representative of the general population, the survey results present the best estimate 

currently available to the authors to assess the impact of new technologies.  

Based on these considerations, it is estimated that the per capita demand for UAV delivered packages is 

reduced to 3.87 per year. With this factor, the hourly number of UAV package deliveries that are 

anticipated for the different zones of the city, for all four future scenarios are listed in  

Table 3.6.  

 
Table 3.6: Estimated number of packages delivered per hour by UAVs for the four future scenarios 

  Scenario 1 Scenario 2 Scenario 3 Scenario 4 

City Center 1188 1528 1867 2207 

Inner Ring 2295 2951 3607 4263 

Outer Ring 2700 3472 4243 5015 

Total 6184 7951 9718 11485 

 

A few additional assumptions are needed to estimate the total number of UAVs needed to deliver the 

package numbers listed in  

Table 3.6:  

1. All package deliveries are completed successfully each hour i.e., there are no delays and all 

packages are delivered within one hour. 

2. Each package is no further than 6 [km] from the distribution center  

3. UAVs deliver 5 packages during each delivery run. Therefore each package weighs 

approximately 0.6 [kg] to meet the capabilities of the Microdrones MD4-3000 UAV.  For 

collective deliveries, see Figure 3.5, the total distance travelled can be calculated using eq. 3.1 

[1]. For all five packages, this corresponds to a distance of 42.16 [km], which is within the 

capabilities of the selected UAV.  

 

     
         

 
 

(3.1) 

 

 

Figure 3.5: Collective delivery model for UAVs 



 

                                                                                                           Metropolis            

12 
 

3.2.3 Future Traffic Volume Estimates for Entire City 

Using the above mentioned assumptions and computation procedure, the average aerial traffic volume 

per hour can be computed. The results, categorized according to vehicle type and city zone, are 

summarized in Table 3.7 below:  

 
Table 3.7: Average aerial traffic volume per hour for entire city area of Metropolis 

  

Population TF-X PAL-V MTAV UAV Total 

Scenario 1 

City Center 2,690,278 3,939 288 336 174 4,737 

Inner Ring 5,196,515 7,608 557 650 336 9,151 

Outer Ring 6,113,207 8,951 655 764 395 10,765 

Total 14,000,000 20,498 1,500 1,750 905 24,653 

Scenario 2 

City Center 3,458,929 5,064 371 432 224 6,091 

Inner Ring 6,681,233 9,782 716 835 432 11,765 

Outer Ring 7,859,837 11,508 842 982 508 13,841 

Total 18,000,000 26,355 1,928 2,250 1,164 31,697 

Scenario 3 

City Center 4,227,580 6,190 453 528 273 7,444 

Inner Ring 8,165,952 11,956 875 1,021 528 14,380 

Outer Ring 9,606,468 14,065 1,029 1,201 621 16,916 

Total 22,000,000 32,211 2,357 2,750 1,423 38,741 

Scenario 4 

City Center 4,996,231 7,315 535 624 323 8,798 

Inner Ring 9,650,670 14,130 1,034 1,206 624 16,994 

Outer Ring 11,353,098 16,623 1,216 1,419 734 19,992 

Total 26,000,000 38,068 2,785 3,250 1,681 45,784 
 

It should be noted that the numbers listed in Table 3.7 are used to define the traffic volumes for the 

Metropolis scenarios. They do not necessarily correspond to the number of vehicles that will be 

simulated. This depends on the experiment area, the time of day, and the average flight times of PAVs 

that are selected for the batch simulations. The average and instantaneous number of aerial vehicles to 

be simulated can be found in section 0.  

 

3.3 Traffic Distribution by Time of Day 

On top of the average traffic volume per hour, it is also necessary to know the distribution of traffic by 

time of day to take into account the effect of rush hours. This can be done by multiplying the average 

traffic numbers in Table 3.7 with the factors listed in  

Table 3.8. Although this data is for road traffic in Great Britain in 2001, it is reasonable to assume that 

the hourly distribution of aerial traffic is similar for the future Metropolis scenarios.  
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Table 3.8: Distribution of traffic by time of day as a percentage of average hourly traffic for Great Britain in 2001 

[7] . The same values can be used for the Metropolis scenarios. 

Hour 
% of Average 
Hourly Traffic 

00:00-01:00 17 

01:00-02:00 11 

02:00-03:00 10 

03:00-04:00 10 

04:00-05:00 16 

05:00-06:00 36 

06:00-07:00 87 

07:00-08:00 173 

08:00-09:00 195 

09:00-10:00 159 

10:00-11:00 148 

11:00-12:00 148 

12:00-13:00 150 

13:00-14:00 154 

14:00-15:00 161 

15:00-16:00 173 

16:00-17:00 196 

17:00-18:00 206 

18:00-19:00 170 

19:00-20:00 121 

20:00-21:00 84 

21:00-22:00 62 

22:00-23:00 46 

23:00-00:00 31 

 

Since the primary goal of Metropolis is to investigate capacity limits, it is recommended that traffic 

dynamics for the following three time spans be studied for the simulation:  

1. Morning rush hour: 08:00-09:00 

2. Evening rush hour: 17:00-18:00 

3. Lunch time: 12:00-13:00 

While lunch time traffic volume is not the highest, traffic dynamics are considerably different than 

during the morning and evening rush hours in that there is more intra-zone traffic movements i.e., there 

is a greater proportion of residential-residential and commercial-commercial traffic that is expected 

during lunch time, see section 3.4.  
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3.4 Traffic Types 

Four different traffic types are considered for Metropolis:  

1. Residential-Residential 

2. Residential-Commercial 

3. Commercial-Residential 

4. Commercial-Commercial 

Here, residential-commercial refers to traffic originating from a residential area and travelling to a 

commercial area of the city. The other three categories can be understood similarly. The four traffic 

types are necessary to create a high level of realism for the simulation and the proportion of each type 

depends on the time of day.  

An initial estimate of the distribution of the four traffic types for the three time spans of the simulation 

is presented in Table 3.9. This estimate is determined by considering typical traffic patterns in a city, as 

well as the distribution of commercial and residential areas given in section 4.5. The average and 

instantaneous traffic volume for each traffic type (and location) can be computed by multiplying the 

corresponding cell in Table 3.9 with the traffic volume data given in Table 4.2 to Table 4.5 (in section 0). 

 
Table 3.9: Distribution of traffic types for the three time spans of the simulation  

categorized according to location within the city 

Morning Rush Hour (08:00-09:00) 

  
Residential-
Residential 

Residential-
Commercial 

Commercial-
Residential 

Commercial-
Commercial 

City Center 2% 5% 2% 5% 

Inner Ring 8% 15% 8% 3% 

Outer Ring 15% 30% 5% 2% 

Total 25% 50% 15% 10% 

Evening Rush Hour(17:00-18:00) 

  
Residential-
Residential 

Residential-
Commercial 

Commercial-
Residential 

Commercial-
Commercial 

City Center 1% 2% 30% 9% 

Inner Ring 3% 7% 15% 7% 

Outer Ring 6% 6% 10% 4% 

Total 10% 15% 55% 20% 

Lunch Time (12:00-13:00) 

  
Residential-
Residential 

Residential-
Commercial 

Commercial-
Residential 

Commercial-
Commercial 

City Center 2% 1% 8% 15% 

Inner Ring 10% 6% 7% 10% 

Outer Ring 18% 8% 5% 10% 

Total 30% 15% 20% 35% 
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4 Requirements for Simulation Physical Environment 

The simulated physical environment of the city is an important characteristic for the Metropolis traffic 

scenarios. It involves the selection of the size and shape of the experiment area, see section 4.1 and 4.2 

respectively. Using the traffic volume for the whole city given in chapter 3, as well as with the shape and 

size of the simulation area, the average and instantaneous traffic volumes for the experiment area are 

given in section 0. Other physical characteristics of interest are the street and building layouts (section 

4.4), distinction between commercial and residential areas (section 4.5), and the quantity and 

distribution of PAV and UAV infrastructure (section 4.6). The chapter concludes with a section on the 

tools that can be used for visualizing the city. 

 

4.1 Estimation of Minimum Physical Area Necessary for Simulations 

To ensure that traffic dynamics of the four air space concepts (to be designed in work package 2) can be 

studied with adequate detail, the minimum physical area necessary for simulations has to be 

established. This area also has an influence on the total minimum number of aerial vehicles that has to 

be  simulated, which in turn is also affected by the capabilities of the simulation software (TMX). 

To compute the minimum physical area, the area needed to resolve an impending horizontal conflict 

between two aircraft for various conflict geometries is used as the test condition. A conflict between 

two aircraft, the ownship and the intruder, can be visualized through Figure 4.1. Here, if the relative 

velocity vector, Vrel, is directed into the protection zone of one of the aircraft, then a collision will occur 

in the future. Collisions can be averted by altering the velocity vector of the ownship such that a conflict 

is just avoided. By calculating the distance travelled by the ownship to resolve the conflict, the minimum 

simulation area can be evaluated. For a full mathematical derivation of the collision avoidance velocity 

vector, the reader is referred to [11]. 

 

Figure 4.1: An example conflict situation between ownship and intruder aircrafts [8]  
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A conflict between the ownship and the intruder can be defined using the parameters pictured in Figure 

4.2. Here CA is the conflict angle between the ownship and the intruder and is a major contributor to 

the minimum simulation area. d is the initial horizontal separation between the two aircraft and drel is 

the distance to the intruder aircraft along the relative velocity vector, Vrel.  

 

Figure 4.2: Parameters used to define a conflict [8] 

 

To understand the effects of the conflict parameters on the minimum simulation area, an (analytical) 

'simulation' was performed in which the conflict angle CA was varied from 00/3600 (parallel traffic i.e., 

no conflict) to 1800 (head-on conflict geometry). The time to initial loss of separation, Tlos, was simulated 

for three values: 3, 4 and 5 minutes, and the initial ground speed velocity of the ownship was also 

simulated for three different cases: 50, 100 and 150 knots. In each case, the intruder was simulated to 

be 10 knots slower than the ownship. The protection zone radius, rpz, was constant at 1.25 nautical 

miles for all simulation conditions. The distance to the closest point of approach was always set to 0 

nautical miles, and the intruder aircraft was positioned to ensure collision courses. Figure 4.3 shows the 

simulation results for a conflict angle of 900 and an ownship velocity of 150 [kts]. Here, it is clear that a 

collision would have occurred if the ownship had not changed heading and velocity.  

 

Figure 4.3: Determination of minimum simulation area. For a particular conflict angle (CA), in this case 90
0
, the 

distance traveled by ownship (blue) to avoid a collision with the intruder (green) is considered to 
 be the length of the minimum simulation area. 
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The results of the simulation are presented in Figure 4.4 to Figure 4.6. As expected, the 150 [kts] 

condition was found to be the limiting case. Figure 4.6 shows that for conflict angles between 50 and 

3550, an area of 475 [NM2] or 1618.8 [km2] has to be simulated. This corresponds to 11.3% of total city 

area. 

 
Figure 4.4: Minimum simulation area vs. conflict angle for 

ownship velocity of 50 [kts] 

 
Figure 4.5: Minimum simulation area vs. conflict angle for 

ownship velocity of 100 [kts] 

 
Figure 4.6: Minimum simulation area vs. conflict angle for ownship velocity of 150 [kts] 

 

To ensure that the traffic volume corresponding to the chosen simulation area is within the capabilities 

of the TMX simulation platform (to be used for performing batch simulations in work package 4), it has 

been decided to adopt the minimum simulation area of 1618.8 [km2] as the actual experiment area that 

will be considered for the Metropolis project. However, it is expected that studying the smaller 
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experiment area will still allow for useful insights into the overall traffic dynamics and pattern that can 

be expected for the whole city. Additionally, the traffic volume for the minimum simulation area is 

significantly above current traffic densities and it is expected that capacity limits can be reached with 

the defined traffic volumes, see section 0. 

 

4.2 Shape of Simulation Area 

The minimum simulation area is 11.3% of the total city area. Therefore, it can be thought of to be 

represented by a 'pie slice' or wedge shaped simulation area that is 11.3% of the total city area, see 

Figure 4.7 below. As only a portion of the city is to be simulated, it is necessary to define a simulation 

environment consisting of an ‘experiment area’ of interest surrounded by a ‘background area’, see 

Figure 4.8. The background area will be used to spawn aircraft for the simulation. 

 

Figure 4.7: The experiment area is 11.3% of the total city area. A 'pie slice' shaped simulation area was 
 assumed to obtain the traffic volume that needs to be simulated  

 

Figure 4.8: Definition of experiment and background areas 
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Using a 'pointy' wedge shape, as in Figure 4.8, could make it difficult to study interactions between 

traffic travelling through the vertex of the experiment area at the city center. To avoid this problem, 

trapezoidal shapes with the same area for each city zone can be used to represent the different zones of 

the city, see Figure 4.9. The precise geometry of this trapezoidal experiment area is given in Table 4.1.  

 

Figure 4.9: Trapezoidal shapes can be used to define the experiment area. In this way, traffic interactions at the 
city center can be studied better for a triangular experiment area. 

 

 

Table 4.1: Coordinates of trapezoidal experiment area pictured in Figure 4.9 in Cartesian reference frame 

  X [km] Y [km] 

A -1.00 0.00 

B 1.00 0.00 

C 3.31 4.00 

D 7.93 12.00 

E 29.87 50.00 

F -29.87 50.00 

G -7.93 12.00 

H -3.31 4.00 
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For ease, the height dimensions of the trapezoidal experiment area displayed in Figure 4.9 have been 

rounded to the nearest whole number. As a consequence, the size of the experiment area is 1543.5 

[km2] or 10.7% of the total city area. This slight reduction of 0.6% in the experiment area from the value 

calculated in section 4.1 is not expected to significantly influence the simulation results. The final shape 

and size of the simulation area is displayed in Figure 4.10. 

 
Figure 4.10: Geometry of final simulation area consisting of a trapezoidal ‘experiment area’ surrounded by a 

square ‘background area’ 

 

 

4.3 Average and Instantaneous Traffic Volume for Experiment Area  

Now that the size and shape of the experiment area has been defined, it is possible to compute the 

traffic volume for the experiment area. As the experiment area is 10.7% of the total area of the 

Metropolis scenarios, the traffic volume is thus also 10.7% of the total numbers presented in section 3.2, 

and are displayed in Table 4.1: 
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Table 4.2: Average aerial traffic volume per hour for the minimum simulation area (10.7% of total city area) 

  

Population TF-X PAL-V MTAV UAV Total 

Scenario 1 

City Center 288,945 423 31 36 19 509 

Inner Ring 558,123 817 60 70 36 983 

Outer Ring 656,579 961 70 82 42 1,156 

Total 1,503,648 2,202 161 188 97 2,648 

Scenario 2 

City Center 371,501 544 40 46 24 654 

Inner Ring 717,587 1,051 77 90 46 1,264 

Outer Ring 844,173 1,236 90 106 55 1,487 

Total 1,933,262 2,831 207 242 125 3,404 

Scenario 3 

City Center 454,057 665 49 57 29 800 

Inner Ring 877,051 1,284 94 110 57 1,544 

Outer Ring 1,031,768 1,511 111 129 67 1,817 

Total 2,362,875 3,460 253 295 153 4,161 

Scenario 4 

City Center 536,612 786 57 67 35 945 

Inner Ring 1,036,515 1,518 111 130 67 1,825 

Outer Ring 1,219,362 1,785 131 152 79 2,147 

Total 2,792,489 4,089 299 349 181 4,917 
 
 

In addition to the average traffic volume per hour, for simulation purposes it is also necessary to know 

the instantaneous number of aerial vehicles in the air at a given point in time. As discussed in section 

3.2.3, rush hours and lunch time traffic are of most interest to the Metropolis project. The number of 

vehicles in the air during these times (in the experiment area) can be computed by multiplying the 

average traffic volume per hour (listed in Table 4.1) with the traffic distribution percentages by time of 

day (listed in Table 3.8) and assuming an average trip time of 15 [mins] (i.e., a trip distance of 50 [km] at 

a speed of 200 [km/h]), see Table 4.3 - Table 4.5: 

 

 
Table 4.3: Instantaneous number of aerial vehicles during morning rush hour (08:00-09:00)  

in the experiment area 

  

Population TF-X PAL-V MTAV UAV Total 

Scenario 1 

City Center 288,945 206 15 18 19 258 

Inner Ring 558,123 398 29 34 36 498 

Outer Ring 656,579 469 34 40 42 585 

Total 1,503,648 1,073 79 92 97 1,341 

Scenario 2 

City Center 371,501 265 19 23 24 331 

Inner Ring 717,587 512 37 44 46 640 

Outer Ring 844,173 603 44 51 55 753 

Total 1,933,262 1,380 101 118 125 1,724 
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Scenario 3 

City Center 454,057 324 24 28 29 405 

Inner Ring 877,051 626 46 53 57 782 

Outer Ring 1,031,768 736 54 63 67 920 

Total 2,362,875 1,687 123 144 153 2,107 

Scenario 4 

City Center 536,612 383 28 33 35 478 

Inner Ring 1,036,515 740 54 63 67 924 

Outer Ring 1,219,362 870 64 74 79 1,087 

Total 2,792,489 1,993 146 170 181 2,490 
 

Table 4.4: Instantaneous number of aerial vehicles during lunch time (12:00-13:00)  
in the experiment area 

  

Population TF-X PAL-V MTAV UAV Total 

Scenario 1 

City Center 288,945 159 12 14 19 202 

Inner Ring 558,123 306 22 26 36 391 

Outer Ring 656,579 360 26 31 42 460 

Total 1,503,648 826 60 70 97 1,054 

Scenario 2 

City Center 371,501 204 15 17 24 260 

Inner Ring 717,587 394 29 34 46 503 

Outer Ring 844,173 463 34 40 55 592 

Total 1,933,262 1,061 78 91 125 1,355 

Scenario 3 

City Center 454,057 249 18 21 29 318 

Inner Ring 877,051 482 35 41 57 615 

Outer Ring 1,031,768 566 41 48 67 723 

Total 2,362,875 1,297 95 111 153 1,656 

Scenario 4 

City Center 536,612 295 22 25 35 376 

Inner Ring 1,036,515 569 42 49 67 726 

Outer Ring 1,219,362 669 49 57 79 854 

Total 2,792,489 1,533 112 131 181 1,957 
 

Table 4.5: Instantaneous number of aerial vehicles during evening rush hour (17:00-18:00)  
in the experiment area 

  

Population TF-X PAL-V MTAV UAV Total 

Scenario 1 

City Center 288,945 218 16 19 19 271 

Inner Ring 558,123 421 31 36 36 524 

Outer Ring 656,579 495 36 42 42 616 

Total 1,503,648 1,134 83 97 97 1,411 

Scenario 2 

City Center 371,501 280 20 24 24 349 

Inner Ring 717,587 541 40 46 46 673 

Outer Ring 844,173 637 47 54 55 792 

Total 1,933,262 1,458 107 124 125 1,814 



 

                                                                                                           Metropolis            

23 
 

Scenario 3 

City Center 454,057 342 25 29 29 426 

Inner Ring 877,051 661 48 56 57 823 

Outer Ring 1,031,768 778 57 66 67 968 

Total 2,362,875 1,782 130 152 153 2,217 

Scenario 4 

City Center 536,612 405 30 35 35 503 

Inner Ring 1,036,515 782 57 67 67 973 

Outer Ring 1,219,362 919 67 78 79 1,144 

Total 2,792,489 2,106 154 180 181 2,620 
 

4.4 City Street and Building Layout 

To design path planning algorithms and for collision avoidance, it is necessary to define the street 

pattern and resulting building layout for the Metropolis city. For simplicity, a ‘grid-like’ city layout is 

adopted for the entire simulation area, see Figure 4.11. Here, each city block is a square of length 500 

[m], streets and buildings are 30 [m] and 470 [m] wide respectively. Note that the street width meets 

the landing criteria for the PAL-V One PAV. Thus all landing spots can be simulated on top of streets. 

 

Figure 4.11: City street and building layout. The same pattern is to be repeated throughout the  
simulation area (for both experiment and background areas) 

 

The height of the buildings in Metropolis is the highest in the city center (300 [m]) and decreases with 

distance from the city center, see Figure 4.12. 

. 
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:  

 

Figure 4.12: Variation of building height with distance from the city center   

4.5 Distinction Between Commercial and Residential Zones 

To ensure realistic simulation conditions, it is necessary to ensure a distinction between commercial and 

residential city areas. As implied earlier, this distinction is necessary to influence traffic volumes during 

rush hours; for example, during the morning rush hour, it expected that the largest proportion of traffic 

will be of the type home-office type.  

To create this distinction, a number of so called ‘commercial focus points’ have been defined for 

Metropolis (for both background and experiment areas). Each focus point is given a ratio value between 

0 and 1 to indicate the ‘amount’ of commercial activity at that focus point. For instance a focus point 

with a ratio of 1 indicates 100% commercial activity, while a ratio of 0 indicated 100% residential 

activity. The locations of focus points have been chosen by studying the distribution of focus points, 

particularly the pattern of bus and metro station locations, in London and Paris using `Google Street 

View’. The location and ratios of all the focus points can be viewed in Figure 4.13.  

To model the sphere of influence of each focus point, a Gaussian Radial Basis Function (RBF) is used such 

that ‘commercial ratios’ always ‘drop off’ to a value of 0 in 1000 [m]. The shape of the radial basis 

function used can be seen in Figure 4.14. Note: regardless of the office ratio, all focus points have a 

sphere of influence of 1000 [m].  

The net `commercial ratio’ for a particular point in the city is computed as the average commercial ratio 

of all the focus points that have an influence on that point. This influence depends on the distance of the 

focus point from the city point under consideration, described by the shape of the selected RBF. This 
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method is similar to the way wind and altitude contour maps are created. The result for Metropolis is 

displayed in Figure 4.15.  

 

Figure 4.13: Metropolis focus points and corresponding office ratio 

 

 

Figure 4.14: Shape and size of Radial Basis Function (RBF) used to model ‘drop off’ of office ratio with distance 
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Figure 4.15: Distribution between office (blue) and residential (red) areas.  

4.6 Quantity and Distribution of PAV and UAV Infrastructure  

PAVs 

It should be noted that the focus of the Metropolis project is on the cruise phase of flight. For this 

reason, it has been decided to distribute PAV landing spots evenly in the Metropolis city area at a 

frequency of one landing spot per square kilometer. Due to the smaller number of PAL-V Ones and 

Agusta Westland AW609s expected, it has been decided to enable every other landing spot i.e., one 

landing spot per 4 [km2], to handle these two aircraft. This landing spot will be larger to allow for PAL-V 

One and Agusta Westland AW609 operations. 

To minimize the complexity of the simulation, it is not necessary to take into consideration parking of 

PAVs, but instead to assume that sufficient parking places are always available.  

UAVs 

The two main types of infrastructure to consider for PAVs are cargo distribution centers and package 

delivery points. Cargo distribution centers can be divided equally across the city are mainly dependent 

on the range of a UAV. In section 3.2, UAV traffic volumes were estimated by assuming that UAVs 
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delivered packages within a 6 [km] range of the distribution center. Therefore the number of 

distribution centers can be determined by dividing the total experiment area by the area served by a 

UAV (113 [km2]). This calculation procedure assumes that distribution centers can grow to handle the 

cargo demand of a particular area by acquiring more UAVs. The number of distribution centers needed 

for each zone of the city is summarized in Table 4.6:  

 
Table 4.6: Number of UAV distribution centers in experiment area 

  Area [Km2] Number of distribution Centers 

City Center 17.24 1 

Inner Ring 89.92 1 

Outer Ring 1436.4 13 
 

For simplicity, UAV landing spots can coincide with those defined above for PAVs due to the high 

frequency of these locations.  

 

4.7 Visualization of Metropolis Physical Environment 

Visualization of the Metropolis city is needed to gain a better understanding of the simulation results 

and for project dissemination purposes. During the project kick-off meeting, it was suggested that the 

Callipso software package be used as a visualization tool. 

A visualization tool may also be necessary during simulation development. This can be achieved by 

creating a 'self-made' tool. Work has already started to create such a tool, where buildings and road 

networks are automatically generated. The requirements of the tool are listed below:  

1. Definition of building locations 

2. Definition of road network between buildings 

3. Definition of industrial and residential zones including number of residents/employees in each zone 

4. Location of PAV and UAV infrastructure 

Figure 4.16 displays the 'self-made' visualization tool. A database of all of the physical characteristics of 

the city has to be created so that they can be implemented in the TMX simulation software. 

Additionally, an interface has to be created to display the vehicle trajectories in the selected 

visualization tool.  
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Figure 4.16: Self-made visualization tool to define city zones and infrastructure locations 
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