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Abstract— Developed countries have made significant ef-
forts to integrate UAV operations in controlled aerial space
due to a rising interest of using UAVs for civilian and military
purposes. This paper focuses on looking for reliable solutions
and a way to validate an autonomous multiagent control
system using Flight Simulators. This study has two main lines,
the first being the use of multiagent systems in UAVs (or other
robotic platforms), aiming at a fully autonomous control. The
second is a survey about the variety of simulation systems
dedicated to aerodynamics and aircrafts, comparing them

and their feasibility to validate the multiagent control system.
A comparative study of existing simulation environments is
presented, both commercial simulation game engines and
research simulators. One critical factor is hazard situations,
like emergency landing or equipment failure, which should
be predicted in an automated system. Most flight simulators
are not realistic enough to validate a multiagent algorithm

in hazard situations. At the same time, it is impossible to
predict every type of failure in real world. The boundaries
of simulation should be very well enclosured in order to
present results using simulation. A multiagent control system

architecture that makes use of flight simulators is also
presented.

I. INTRODUCTION

Ever since the construction of the first vehicles, men

have dreamed of automating its operations. This deter-

mination is visible in commercial cars, with automatic

transmissions, automatic parking capabilities, and many

other automated systems; in airplanes, the foremost visible

feature that demonstrates this is the autopilot capability; in

other vehicles, one or other automated systems are always

present (as automated landing in British Heathrow airport

under zero visibility, defined as Category IIIc [1]), making

it easier to maneuver them. While this autonomy has been

restricted to limited functions, it is desirable to elevate it

to a full scale, allowing vehicles to be fully autonomous.

When full autonomy is reached, vehicles will have to

cooperate and coordinate their actions with one another,

in order to ensure both security and an optimal use of

resources.

The choice of an agent-oriented approach to control

autonomous vehicles is intended to save both time and

resources. With remotely operated vehicles, an operator

needs to operate the vehicles at all times, thus only

eliminating the danger factor in missions that take place in

hazardous locations. Even with autonomous vehicles, ca-

pable of autonomous maneuvering and mission execution,

those missions must be planned prior to their execution,

thus using resources and time. Sometimes, these missions

require real-time adjustments to be made, which also
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implies the use of human resources during mission time.

By using an agent-oriented approach, the vehicles would

be able to communicate amongst themselves, and create

their own mission planning and real-time decisions based

on information gathered during mission execution.

In order to better develop and test such agent-oriented

approaches and coordination methods, a simulation envi-

ronment must be used. Such environment also saves time

and resources, since it would be prohibitory to test these

systems using real vehicles.

This paper focuses on several existing simulation en-

vironments that can be adapted to serve the objective

at hand. The main focus is given to aerial and flight

simulation environments, since it is the most difficult

environment to simulate, due to all constraints involved

in simulating a fluid atmosphere, like air or water, and the

way vehicles move through it. The cost and accessibility of

flight simulation environments are criteria which consider

commercial off-the-shelf (COTS) and low cost software

solutions.

A. Unmanned Aerial Vehicles

UAV, acronym for Unmanned Aerial Vehicle, is usually

associated with a group of aerial elements in constant

development that still need better definition. This paper

considers UAVs as vehicles able to fly autonomously

without any external remote control. The acronym UVS

(Unmanned Aircraft System) is becoming commonly used

by the scientific community in order to represent more

necessary elements instead of just the aircraft and flight

aspects.

UAVs may be described and categorized according to

many criteria, such as flight altitude, endurance and size,

among others. There are efforts currently being made by

Standards Development Organizations (SDOs) to create

industry-wide standards for the design, manufacture, test-

ing, and operation of UAVs [2].

There are already some examples of civilian UAV us-

age, either operating or in developmental stage, namely

those related to surveillance or in need of access to risky

areas, such as nuclear facilities, power transmission line

maintenance and others [3]. These do not have significant

influence on the air traffic system, since the UAVs fly over

clearly defined areas at low altitude and speed.

The use of UAVs still involves a few uncertainties and

legal limitations as to where and how they can be used. The

majority of projects involving UAVs are strictly military.

An important example of an UAV in use is the military

aircraft GlobalHawk. It is a high-altitude, long-endurance

UAV developed by the United States Department of De-

fense to undertake reconnaissance missions. This aircraft

can fly autonomously for 36 hours at altitudes up to 65,000

feet (nearly twice the height used by commercial airliners)

[4].
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One can see that categories still cling to a military

heritage, for the military are still involved in most major

UAV development. The main military feature is avoiding

human crews at all, in spite of severe critics against

armed military operation, such as what criteria should an

algorithm assess in order to open fire [5].

But, in order to the aeronautics industry to integrate

civilian UAV usage to the current system, a variety of is-

sues must be dealt with: technical (aircraft control technol-

ogy), political (border control issues) and legal (liabilities

in case of accidents).

Opposing to the military vision, crewless civilian pas-

senger aircraft rise a completely diverse paradigm in terms

of reliability, compared to military usage. Because of this,

new hurdles come in the way of a future categorization of

passenger carrying UAV, as well as of non-passenger car-

rying UAV sharing airspace with conventional passenger

carrying aircrafts.

Thus, operating UAV on international airspace must

entail two closely related conditions [6]: the UAV must

be safe and reliable enough to fly over densely popu-

lated areas and must be safely operated through airspace.

Although both requirements are defined generically, they

should account for the widest possible range of unsafe

situations both for the airplane itself and its surrounding

environments.

From such general safety requirements, arise research

subjects such as risks on collision to the ground and midair

collision. Both relate primordially to integrating UAV

operation to the current system, which demand appropriate

rules that enforce fulfillment of those requisites. In this

paper we assume that UAVs are fit for use in the traffic

system, and building on this hypothesis present ground

collision and midair collision related safety issues.

B. Multiagent Systems

A multiagent system can be seen as a system where

entities are represented by independent agents, which in

turn communicate with each other, coordinating their ac-

tivities. The area has known a good expansion in the last

decades, and it is now possible to develop systems that

use an agent-oriented approach in several programming

languages, using several available libraries and standard

protocols.

The UAV operation can surely be considered a multi-

agent system in which every aircraft is an agent with

its own goals (destination, time frame of arrival, service

standards, etc) and is independent of the goals of any other

aircraft. With this approach, it is possible to apply negotia-

tion techniques that have been developed for such systems.

These techniques will allow the aircraft to cooperate in

solving airspace conflicts and, by doing so, it will also be

able to efficiently solve its own conflicts.

Answers involving artificial intelligence software or

multi-agent systems have been researched on, in the search

for decision-making systems capable of avoiding aircraft

encounters in a given airspace [7].

In section two of this paper, some of the requirements

that were taken into account when evaluating the sim-

ulation environments are briefly described. Section three

presents some of the analyzed simulators, game engines,

flight simulators and middleware engines. In the last sec-

tion, some conclusions are withdrawn and future work is

outlined.

II. SIMULATION ENVIRONMENT

REQUIREMENTS

The choice of a simulation environment is dependent

on the objectives of the project. In this section, some key

features that may be desirable in the simulation environ-

ment are briefly described. These features can be grouped

into categories, such as graphical, physical and openness

characteristics, among others, for a better analysis.

Regarding the graphical characteristics, one can always

wish for the most detailed and visually appealing inter-

face, using the most recent graphical capabilities, such as

DirectX10, but one also has to keep in mind that this is not

a priority, since it is not a game that is being developed.

The openness of the software is an important aspect.

Openness can be defined in terms of the possibility to view

and alter the source code, if desirable, as well as expansion

capabilities, such as the possibility to develop add-ons,

external modules and different agents that can be easily

linked to the environment, via defined APIs, interaction

models or communication protocols, the accessibility and

format of the data that can be input to the environment,

and the output data format as well.

Accurate physical simulation is very important, when

dealing with robotic mobile agents, such as UAVs. The

following subsections explain in more detail the impor-

tance of a correct physical modeling and simulation of the

aircraft and the environment.

A. Specific Aviation-Related Requirements in Simulated

Environments

Realistic simulation of robotic sensors and actuators in

a complex, unstructured, dynamic environment, such as

fluids, constitutes a research challenge. Most simulators

consider only the four basic vectors that compose a flight:

lift, weight, drag and thrust. Drag and lift only exist when

there is movement through a fluid, like air. In order to

maintain an aircraft in a straight level flight, the Lift is

equal to Weight and Thrust is equal to Drag. [8].

A basic simulation of these four elements is possible

for aircrafts like a small radio-controlled helicopter. To

simulate its flight, we just have to define how to implement

their values and directions. However, in real flight, an

aircraft has to deal with numerous factors, not only pertain-

ing to the aircraft itself, but also external, environmental

factors. An important element not commonly found in

flight simulators is the relation of the rudder with the lift in

each wing. For example, if the rudder is forced to its left

limit, the right wing will completely loose its lift but the

right wing will maintain its lift. This case already happened

in a flight accident, where a Boeing 737 lost its control

resulting from the movement of the rudder surface to its

limit [9].

This way, to choose a flight simulator system, it is very

important to define what is more relevant in the research.

Each simulator has its characteristics suitable (or not)

with a specific kind of research. Considering developing

an autonomous multiagent environment as the main goal,
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the relevant parameters in the flight system can have

three major lines: Acceptable flight model, considering

the application under investigation; Flexibility to interact

with the agent via programming interfaces; Possibility to

have the flight model or simulated elements changed by

external software. This is an important factor, considering

the research many times has specific necessities like a

simulated failure of a unique simulated element.

Agent algorithms which have to control an aircraft will

need a flight simulator model as real as possible. Flight

elements like lift variation over the wings, mass centre,

angle of attack are just a few necessary in an acceptable

flight model. The weather is another complex element to

simulate. It implies that the simulator has to consider com-

mon but not well know factors like wind shear, turbulence,

microbursts (of wind) and variations of density, pressure

and temperature (with severe variations inside clouds). As

the number of simulated elements offered by the flight

simulator increases, so does its adequacy to serve as a

suitable tool for simulated validation of the agent-based

UAVs.

B. Fault Injection in Flight Simulation Models

The firm safety requirements related with aviation re-

quire the studies of any kind of flight simulation to keep

in mind failure considerations. Fault injection is a complex

research line to reach a reliable and safe flight model in

flight simulation.

A fault injection method is essentially hardware fault

injection. In a flight simulation, faults can be injected into

different inputs or outputs of the aircraft.

Considering the UAV and aircraft completely controlled

by software, the range of failure possibilities determines

the way the faults have to be injected.

The quantity of injected faults is a quality parameter

of any fault injection method. Many flight simulations are

connected with a visual interface, and the time to simulate

it is based in real time. This simulation limits the quantity

of forced fault injections and the way the flight model

is validated. Most fault injection software validates the

system under evaluation with a huge quantity of different

fault injections.

Basically, the fault injection module is a software mod-

ule which interrupts the original inputs and outputs of the

simulated aircraft. The corrupted inputs our outputs can

be generated between the aircraft control (agent) and the

flight simulator or the aircraft model and flight simulator,

as can be seen in Fig. 1.

Fig. 1. Fault Injection Interactions.

A typical fault injection validates a small piece of

software, simulating corrupted inputs (simulated hardware

faults) and automatically evaluating the software output.

It is important to notice that fault injection in a flight

simulation is a hardware fault injection over a simulated

hardware. For example, it is possible to simulate that a

fault in the fuel pumps (hardware fault injection) implies an

engine failure (hardware failure). The precision of how this

engine failure will be simulated determines the quality of

the flight simulator, since there is a response time between

the simulated physical elements.

The fault injection to evaluate the automatic flight

control is a hardware fault injection over software and

the reaction time from the software is less relevant. An

example is an altimeter fault and the flight control has

to react with fault tolerant methodologies to maintain the

aircraft under safety conditions.

A critical problem for fault injection using COTS flight

simulators is how they are opened to interact with their

simulated hardware of an aircraft. Thus, open source flight

simulators or open API from proprietary software should

be analyzed as decisive factors in a flight environments

choice.

C. UAV Flight Simulation

The way the flight simulation is developed determines

its possibilities and, consequentially, the possibilities and

limitations the research has to deal with.

Real-time visual simulation is not necessarily a relevant

parameter. Simulations without visual interface offer the

possibility to produce a quantity of different situations

quicker than the visual simulation does. If the log file of

any simulated flight is consistently produced, it is possible

to visualize it after the simulation.

The simulation of physics, kinematics and aerodynamics

is fundamental in a reliable flight simulation. In contrast,

structural forces are not relevant in UAV flight model

studies.

III. COMMON SIMULATION ENVIRONMENTS

There are two main simulator categories: Game Engines

and Flight Simulators.

In game engines, the most important aspect is an appeal-

ing visualization. However, this can be a problem when, in

a scientific research, the reliability of the simulation is the

main goal. For example, in UTEngine2 there is no drag

variation control to force different situations in a flight

[10].

Flight Simulators have a different approach. The main

focus is the flight simulation itself. There is some focus on

the visual aspect as well, but the main efforts are dedicated

to aerodynamics and flight factors present in real world.

The main concern is to simulate a realistic flight, which is

not necessarily as entertaining as a game.

There are Air Traffic Control (ATC) Simulators too.

These simulate ATC in order to coordinate different flights

at the same time. The use of this kind of simulation is a

good approach in order to simulate multi-agent controlled

UAVs under a controlled airspace.

A. Game Engines

First-person games offer a possibility to researchers play,

test, and evaluate their robots with a different range of
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sensors. The 3D game engine development explores the

best in computer hardware and software for itself. Then,

an accessible 3D environment with physics and kinematics

opens new robotic research perspectives. Conversely, when

aerodynamics is the main focus, game engines normally do

not attend the requirements. Precise behaviour of control

systems, as found in flight simulators, is not usually part

of the worlds simulated by game engines [11].

Although there are many different commercial game

engines, the high-concept graphics of Everquest’s LithTech

engine, Quake III Arena and Unreal Tournament provide

the most developed, flexible, and usable engines for re-

search purposes [11].

Research in robotic coordination requires common en-

vironments for simulating sensor data and movement re-

sponses. The RoboCup offers this researchers integration

with the urban search and rescue Simulation (USARSim)

robot competition. It is a RoboCup league to increase

awareness of the challenges involved in search and rescue

applications with a high fidelity robot simulator built over

a state of the art commercial game engine [12]. However,

the focus of USARSim and the game engines differs from

flight simulation and, therefore, are not suitable to validate

or test flying mutiagent systems in a convincing simulation.

B. COTS Flight Simulators

There is a great variety of COTS Flight Simulators,

which implies a large number of possibilities to select the

best choice from. The classification of COTS includes open

source versions, even though their complexity sometimes

implies the impracticability to understand how they work.

The most common Flight Simulators present in scientific

researches are Flight Gear, X-Plane and Microsoft Flight

Simulator. Another important but least known is Piccolo

Flight Simulator (and automatic flight control).

The graphics in modern flight simulators are very real-

istic. However scientific research has to worry about the

flight dynamics of an aircraft. Therefore, an evaluation on

a few low cost COTS flight simulators is presented below.

1) Microsoft Flight Simulator: In graphical terms, the

current version of Microsoft Flight Simulator (Flight Sim-

ulator X, or FSX for short) is probably the most realistic

on the market, in part thanks to the use of the new DirectX

10 technology.

The Microsoft Flight Simulator flight model is based

on a set of tables, which determine how the aircraft will

behave under certain conditions. This kind of simulation is

defined as behavioral simulation or parametric approach.

The flight model is supplied by a set of parameters, and is

independent of the visual model [13][14].

The failure-modeling includes equipment failure, but

without variation of the manner in which the equipment

will fail.

FSX presents the SimConnect API, an FSUIPC-like

access to functions and variables, which allows developers

to create new add-ons to add or replace functionalities, as

well as monitor activities [15].

2) X-Plane: X-Plane uses the geometric approach (air-

craft structure and other engineering parameters) and its

model is defined as structural. It determines the flight

dynamics directly from the visual model. An engineering

process called ”blade element theory” calculates the flight

model, which involves breaking the aircraft down into

many small elements and then finding the forces on each

little element many times per second. These forces are then

converted into accelerations which are then integrated to

velocities and positions [16][14][17].

X-Plane also has failure-modeling, with 35 systems that

can be forced to fail. Fails can be injected into instruments,

engines, flight controls, and landing gear at any moment,

but as in Microsoft Flight Simulator, it is not allowed to

vary the way the equipments fail [18].

X-Plane allows the use of one’s own flight model. This

flexibility offers the possibility to develop a dedicated flight

model due to match particularities. So, in this case, it is just

used as a visual representation of the external simulated

flight.

A factor of creditability about X-Plane is its professional

use and approval by the FAA for training towards air-

line transport certificate. In contrast, studies of real flight

behavior in comparison of flight simulators have shown

concept flaws in X-Plane as in Microsoft Flight Simulator.

In [14], Stock compared then according to the following

aspects: the elevator, the ailerons, the rudder, the throttle,

flaps, stall, and spin. Its results show how the low cost

COTS flight simulators have serious impressions in their

models which can compromise the use of simulator to

substitute or even to validate models in the real world.

3) FlightGear: The FlightGear flight simulator project

is a free, open-source, multi-platform, cooperative flight

simulator development project. Source code for the entire

project is available and licensed under the GNU General

Public License. The goal of the FlightGear project is to

create a sophisticated flight simulator framework for use

in research or academic environments [19].

FlightGear allows the users to choose between three

primary Flight Dynamics Models. More than this, it is

possible to add new dynamics models or even interface

to external flight dynamics models source, such as from

Matlab. The three available models are briefly described

below.

JSBSim is a generic flight dynamics model for sim-

ulating the motion of flight vehicles based in lookup

tables, as FSX does. It is written in C++, using XML

configuration files [20]. JSBSim can be run in a standalone

mode for batch runs, or it can be the driver for a larger

simulation program that includes a visual subsystem (such

as FlightGear).

YASim is an integrated part of FlightGear and simulates

the effect of the airflow on the different parts of an aircraft.

As a similar approach of X-Plane, it is possible to perform

the simulation based on geometry and mass information,

combined with more commonly available performance

numbers for an aircraft.

UIUC is lookup table modeling based on LaRCsim orig-

inally written by NASA [21]. UIUC extends the code by

allowing aircraft configuration files instead and by adding

code for simulation of aircraft under icing conditions.

The use of FlightGear in research becomes common

in the scientific community once it allows users and

aircraft designers access to a very large number of internal

state variables via numerous internal and external access

 

24

 

Proc. Robotica'2008 

978-972-96895-3-6



mechanisms. It allows to remotely control FlightGear from

an external script and to use an external flight dynamics

module (including hardware autopilot) [22].

4) Piccolo: Piccolo is a known auto-pilot system for

small aircraft, by CloudCap Technology [23]. The main

product is commercialized as hardware components that

can be mounted on a small aircraft, allowing autonomous

flight. There is also a software release of a simulation

environment, for software-in-the-loop tests. The graphical

component of flight simulation is minimal, only presenting

the user with a previously loaded aerial picture and aircraft

positional indicators. However, in terms of flight simulation

it is very realistic, simulating many of the forces involved

in a flight. It also presents an application interface which

allows input and output interaction. By default, Piccolo

is able to output its data to Microsoft Flight Simulator

and Fight Gear, two of the previously analyzed flight

simulators, which act as a visualization software.

C. Dedicated Middleware Engines Related with Flight

Simulation

There are hundreds of middleware engines which could

be used in scientific research. But, considering the UAV

scenario controlled by multi-agents algorithms, two are

highlighted in this paper.

1) OpenFlight: OpenFlight, MultiGen-Paradigm’s na-

tive 3D content, is the leading visual database standard

in the world and has become the standard format in the

visual simulation industry. It is a very common format to

store sceneries in, for professional flight simulators [24].

OpenFlight has a logical, hierarchical scene description file

format which informs the realtime image generator what,

when, and how to render, resulting in realtime 3D scenes

with unmatched precision and reliability. Developers can

explore its flexibility, open connectivity and easy interop-

erability [25].

2) AeroSim: AeroSim is a Matlab block library which

provides components for development of nonlinear (with

six degrees of freedom) aircraft dynamic models. As most

flight simulators, it includes environment models such as

standard atmosphere, background wind, turbulence, and

Earth Models. These models are implemented in such

a manner that they can easily be replaced with models

based upon analyses of the sensors to be used on the

actual aircraft. It is a low cost solution, considering it

is free of charge for academic and non-commercial users

[26] [18]. The graphical flight visualisation can be made

through a flight simulator like FlightGear or X-Plane.

It offers more flexibility in flight modelling and fault

injection [18]. A general purpose graphical interface to

Aerosim is the OpenSceneGraph. The OpenSceneGraph

is an OpenSource platform for the development of high

performance graphics applications. It is a 3D graphics

library for C++ programmers [27].

3) MATRIXx: MATRIXx is a National Instruments De-

sign and Development Tool to build accurate, high-fidelity

models and perform interactive simulations for control

design applications in aerospace and defense. It allows to

analyze system models and build robust control algorithms,

generate readable, traceable, highly optimized C or Ada

code and target the code to a real-time platform for control

prototyping and hardware-in-the-loop test. The MATRIXx

suite of software includes four main modules: SystemBuild

- a graphical environment for rapid model development

and simulation. Xmath - is a mathematical analysis, visu-

alization, and scripting software environment featuring a

unique, high-level, object-oriented programming language

called MathScript. DocumentIt - provides a customizable

method to generate formatted documentation of the Sys-

temBuild models. AutoCode - automatic embedded code

generation for C and Ada AutoCode is an customizable

automatic code generation tool. It can generate code using

AutoCode Add-On Modules to generate C or Ada for

fixed-point processors or multiprocessor target systems.

The FlightGear Flight Simulator, when utilized in con-

junction with National Instruments MATRIXx allows for

direct visual feedback of aircraft flight dynamic model sim-

ulation results in real-time. This connectivity is provided

via a user code block (UCB) in MATRIXx.

This FlightGear user code block (UCB) supports an

interface via a unidirectional transmission from MATRIXx

to FlightGear using FlightGear’s published binary data

exchange specification. Data is transmitted via UDP to a

running instance of FlightGear.

IV. CONCLUSIONS AND FUTURE WORK

Since the choice of an appropriate environment depends

on specific needs, no single environment is elected as

the best, but the choices of a suitable environment have

been defined concerning specific characteristics chosen

according to the objective in sight.

Some conclusions can be withdrawn from the analy-

sis made to the simulating environments in the previous

section, where characteristics like simulation of graphical

presentation, kinematics, physical interpretation of the ob-

ject, weather simulation and simulation cycle method were

considered. In terms of software openness, each presents its

advantages, the new version of the Microsoft Flight Simu-

lator series presenting for the first time an open API, and

other products with their long-time known interfaces. One

can also see that the visual module of the environment does

not need to be the same as the simulation modules, since

data can be exported from one to another, which makes the

selection of the most appropriate one easier, since one does

not need to limit oneself to only one environment. Also,

and when a robust architecture is used, one can also have

the option of using a different environment for specific

purposes, thus making applications more flexible. This

flexibility allows researchers to choose the combination

of simulator modules that best suits their interests, thus

being able to focus on the development or improvement

of either the graphical content, the airplanes’ model, or, in

this particular case, the creation of automated aircraft able

to communicate with one another and coordinate actions.

A variety of software able to simulate dynamics and

graphical interfaces challenges the researchers in order to

choose the best solution to their investigations.
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