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Abstract

Air Traffic Management Systems (ATMS) of the future
will feature Free Flight, in which aircraft choose their
own routes, altitude, and speed, and automated conflict
resolution methods in which aircraft will coordinate to
resolve conflicts. The resulting distributed control ar-
chitecture is a hybrid system, with mixed discrete event
and continuous time dynamics. SmartATMS is an ob-
ject oriented modeling and simulation facility which ac-
counts for these hybrid issues and will serve as a uni-
form modeling framework for the design and evaluation
of various ATMS concepts.
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1 Introduction

Air transportation systems are faced with soaring de-
mands for air travel. The current Air Traffic Manage-
ment System (ATMS) will not be able to efficiently
handle this increase because of inefficient airspace uti-
lization, increased Air Traffic Control (AT C) workload,
and obsolete technology. In view of the above problems
and in an effort to meet the challenges of the next cen-
tury, the aviation community is working towards an
innovative concept called Free Flight [1]. Free Flight
allows pilots to choose their own routes, altitude and
speed and essentially gives each aircraft the freedom to
self-optimize.

The economic benefits of Free Flight are immedi-
ate. Free Flight is potentially feasible because of en-
abling technologies such as Global Positioning Systems
(GPS), datalink communications, Automatic Depen-
dence Surveillance-Broadcast (ADS-B), Traffic Alert
and Collision Avoidance Systems (TCAS) and pow-
erful on-board computation. The above technological
advances will also enable air traffic controllers to ac-
commodate future air traffic growth by restructuring
ATMS towards a more decentralized architecture. In

future ATMS, aircraft which are in conflict will coor-
dinate among each other and possibly with ATC in
order to predict and resolve conflicts. This distributed
control architecture is modeled using hybrid systems
in which discrete event systems model the coordina-
tion among aircraft and differential equations model
the aircraft dynamics and control. In addition, cur-
rent aircraft operate in various flight modes, in which
each flight mode may correspond to different objec-
tives (such as regulating altitude, airspeed) or different
phases of operation (such as takeoff, cruise or landing).
Flight modes are another source of hybridness for air-
craft. The modeling and simulation of hybrid systems
in the ATMS domain is an issue which requires imme-
diate attention.

The existing ATMS modeling tools and simulators have
functionality which spans the modeling of runway and
airport capacity and operations, through airspace op-
erations and conflict resolution, to human factors and
man-machine integration. A detailed study of 27 mod-
els is presented in [2], which categorizes the functional-
ity of each model and assesses its strengths and weak-
nesses. However, the above simulators do not properly
address the hybrid issues of the problem.

In addition, Free Flight has triggered an abundance of
design concepts and there is a need to evaluate the pro-
posed designs, concepts and methodologies. The com-
parative evaluation of many different designs requires
a uniform and formal modeling framework for design
specifications and performance metrics.

In order to address the above issues, we have bequn the
development of SmartATMS, a modeling and simula-
tion facility for Air Traffic Management Systems in the
context of hybrid systems. SmartATMS is vital in ac-
curately simulating various conflict resolution methods
in Free Flight which is a crucial piece of future ATMS.
In addition, SmartATMS will be object oriented which
will allow the uniform modeling of current and various
proposed methodologies and will serve as our main tool
for design and evaluation of future ATMS concepts.



There are essentially two simulation facilities for hy-
brid systems: SHIFT [3, 4, 5], developed by the PATH
project at U.C. Berkeley, and OMOLA/OMSIM [6, 7]
developed at Lund University, Sweden. SHIFT, in ad-
dition to simulating hybrid systems, allows the mod-
eling of layered control architectures, coordination of —
distributed control agents and object oriented simula- ‘
tion. SmartATMS is being developed using SHIFT and
thus inherits all of its advantages. The object oriented
structure of SHIFT allows SmartATMS users to cre-
ate their own future ATMS by composing objects from
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The organization of this paper is as follows. In Section

2, we briefly describe our proposed architecture of a Figure 1: Proposed ATMS Architecture
future ATMS, in Section 3 we describe the use of simu-

lation in the design and evaluation of future ATMS sys-

tems, and in Section 4 we briefly describe SmartPlanes

which is an animation program for SmartATMS. Sec-

tion 5 discusses issues for further research.

2 Next Generation Air Traffic Management
Systems

In this section we briefly describe a decentralized archi-
tecture for Air Traffic Management Systems (ATMS)
which has been proposed in [9, 10]. Figure 1 displays
a typical scenario in our future ATMS system. Each
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The smart aircraft of the future are modeled by the
hierarchical architecture presented in Figure 2. The
levels of architecture below ATC reside on the individ-
ual aircraft and comprise what is known as the air-
craft’s Flight Vehicle Management System, or FVMS.
The FVMS consists of four layers, the strategic, tacti-
cal, and trajectory planners, and the regulation layer.
Each layer of this architecture is described in the follow-
ing sections. We begin with a discussion of the airspace
structure.
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Figure 2: Proposed FVMS Architecture



Airspace Structure: Current nominal trajec-
tories through the airspace are defined in terms of way-
points, which are fixed points in the airspace defined
by VOR (Visual Omni Range) points on the ground.
The VOR waypoints, which determine the rigid jet-
ways in the sky, are a necessary navigation tool for
aircraft which are not equipped with the more sophisti-
cated GPS. In our ATMS architecture, we assume that
the waypoint structure of the airspace is intact within
TRACONS due to the heavy congestion in those areas
as well as other factors such as geographic constraints,
prevailing winds and environmental issues. However,
we assume that there is no structure in the airspace
outside TRACONSs. This will allow aircraft to enjoy the
benefits of Free Flight in en-route or Center airspace.

Air Traffic Control: Air Traffic Control
(ATC) stands for the human controllers in the TRA-
CON or Center airspace. ATC has more control over
aircraft in the TRACON than in Center airspace. In
TRACONSs, ATC passes a sequence of waypoints to
the strategic planner on board the aircraft which will
sequence an approaching aircraft from the entry gate
of the TRACON to the landing approach. These
waypoints are a discretization of trajectories, which
have been calculated off-line for different combinations
of aircraft kinematics, wind magnitude and direction,
and runway configurations. The Center-TRACON Au-
tomation System (CTAS), developed by NASA [11], is
a tool which rpovides such a calculation process. The
waypoints from ATC are time-stamped to provide a
suggested arrival schedule at the destination airport,
which is designed to meet the announced arrival times
and reflects conflict resolution and compromises be-
tween airline schedules. Once these waypoints have
been negotiated they are passed to the strategic plan-
ner, and all of the planning and control tasks are taken
over by the FVMS on board the individual aircraft.
In Center airspace, the FVMS is allowed to choose
its own self-optimal trajectory and the Center con-
trollers are focused on maximizing airspace utilization
and throughput. Center controllers may also inform
en-route aircraft with recent weather or traffic infor-
mation.

Strategic Planner: The Strategic planner
lives on board the FVMS of each aircraft. The main ob-
jectives of the strategic planner are to design a coarse,
self-optimal trajectory and to resolve conflicts between
aircraft in Center Airspace. The trajectory may be op-
timized with respect to fuel, flight time, and exploita-
tion of favorable winds. The trajectory is then stored
in the form of a sequence of four dimensional control
points, ¢;. In case of a potential conflict, the strategic
planners of all aircraft involved in the potential conflict
determine a sequence of maneuvers which will result in
conflict-free trajectories, either using communication
with each other through satellite datalink, or by cal-

culating safe trajectories assuming the worst possible
actions of the other aircraft. Each strategic planner
then commands its own tactical planner to follow these
maneuvers.

Tactical Planner: The tactical planner refines
the strategic plan by interpolating the control points
with a smooth output trajectory, denoted by y4 in Fig-
ure 2. The tactical planner uses a kinematic model of
the aircraft for all trajectory calculations. The output
trajectories of the kinematic model are then passed to
the Trajectory Planner as desired output profiles.

Trajectory Planner: The trajectory planner
uses a detailed dynamic model of the aircraft, sensory
input about the wind’s magnitude and direction, and
the tactical plan consisting of an output trajectory, to
design a full state and nominal input trajectory for the
aircraft, and the sequence of flight modes necessary to
execute the dynamic plan. These flight modes repre-
sent different modes of operation of the aircraft and
they correspond to controlling different variables in the
aircraft dynamics. The resulting trajectory, denoted
Yd, T4, and ug in Figure 2, is given to the regulation
layer which directly controls the aircraft.

Regulation Layer: Once a feasible dynamic
trajectory has been determined, the regulation layer
is asked to track it. In the presence of large exter-
nal disturbances (such as wind shear or malfunctions),
however, tracking can severely deteriorate. The regula-
tion layer has access to sensory information about the
actual state of the aircraft dynamics, and can calculate
tracking errors. These errors are passed back to the
trajectory planner, to facilitate replanning if necessary.

3 SmartATMS: A Simulation Tool for ATMS

Large scale systems, such as ATMS, require the use of
simulation during the design and evaluation stage since
most analytic methods are intractable if not impossible
to solve. SmartATMS, a modeling and simulation facil-
ity for ATMS, models ATMS as a dynamic network of
interacting hybrid systems. In the following sections
we describe the benchmarks which will be used for
performance evaluation, the components which com-
prise the ATMS system, the language used to develop
SmartATMS, and the problems involved in simulating
hybrid systems.

3.1 Performance Benchmarks

In order to have a performance comparison between the
current and future ATMS, any simulation tool should
be able to model proposed system architectures as well
as facilitate the modeling of the existing architecture.



An ATMS is designed for deployment in an environ-
ment specified in terms of performance benchmark sce-
narios, which are given in terms of:

Airspace Configuration The Airspace Configura-
tion defines the airspace structure including Cen-
ter airspace, TRACON airspace, airports, and
VOR waypoints.

Travel Demand The Travel Demand specifies the
flight trip differentiated by aircraft type, takeoff
time, landing time, route, flight time, and origin
and destination.

Weather Condition The Weather Condition speci-
fies the weather scenarios that can affect the ca-
pabilities of the system.

Abnormal Events The Abnormal Events specify in-
stances of faults and malfunctions, collisions and
other rare events.

The performance of an ATMS design under the spec-
ified benchmark scenarios is judged by a set of per-
formance metrics. Different categories of performance
metrics are required to compare different designs, and
those are:

Safety - Probability of collisions and guarantees of
safe operation under fault free conditions

Efficiency - Fuel consumption, flight times and de-
lays, operating costs

Comfort - Maximum translational and rotational ac-
celeration of an aircraft

Capacity - Maximum number of aircraft takeoffs and
landings that can be supported by an airfield

Environmental Impact - Air and noise pollution
Costs - Implementation and infrastructure costs

Human Factors - Effects of human-in-the-loop

For performance evaluation, the simulation tool should
facilitate the access of internal states and conditions of
all the components in the system for generating differ-
ent performance metrics.

3.2 Functional Decomposition of ATMS
In this section, we present a system description frame-
work for modeling the ATMS domain. The architec-
ture of the proposed ATMS system can be decomposed
into five types, which are Airspace, Aircraft, Air Traffic
Control, Weather and Performance Monitors:

Airspace Airspace models the structure of airspace,
and also divides the sky into different regions.
Organized by geographical area, Airspace con-
sists of three different categories, which are Cen-
ter Airspace, TRACON Airspace, and SUA (Spe-
cial Use Airspace). Inside TRACON Airspace,
there are VOR points and Airports with Run-
ways. Center airspace may also consist of VOR
points (in current ATMS) or may be completely
unstructured (in Free Flight ). Within Airspace

resides Geography which provides the geographic
features such as surface models close to airports.
Airports, which reside within TRACONSs, may
be modeled at various levels of detail, including
surface movement, boarding gates etc.

Aircraft Aircraft models the behavior of each aircraft.
Each aircraft consists of four types, which are
Dynamics, Controller, Sensor, and Communica-
tion. Dynamics describes the dynamic behavior
of an aircraft according to the effects from the
controller and the environment. Controller mod-
els the FVMS but may also model human pilot
commands. Sensor provides navigation, surveil-
lance and other state information which is crucial
for control purposes. Communication is for the
information exchange between ATC and each air-
craft, and among aircraft.

Air Traffic Control Air Traffic Control models the
human controllers at TRACONs or Centers
and/or the procedures they follow in order to
maintain safe separation between aircraft while
guiding them to their destinations. ATC is sup-
ported by Centers and TRACONSs. For both Cen-
ters and TRACONS, there are controllers for op-
eration, sensors and communication facilities for
information exchange between aircraft, and other
Centers and TRACONS.

Weather Weather provides information about current
wind profiles, visibility conditions, current or de-
veloping storms and possible icy runway condi-
tions.

Performance Monitor Monitor gives the perfor-
mance measure of the system in six different cat-
egories, which are Safety, Efficiency, Comfort,
Capacity, Environmental Impact, Cost and Hu-
man Factors. Monitors have full access to system
states and state trajectories for generating per-
formance metrics.

Figure 3 displays a partial functional hierarchical lay-
out of an Air Traffic Management System. Each com-
ponent of the architecture will be modeled at various
level of abstraction. This will allow the users to create
ATMS at different levels of complexity depending on
the scenario of interest and the concept that needs to be
tested and evaluated. For example, one user could com-
pose a macro-model using many simple aircraft models
inside a TRACON in order to simulate traffic close to
an airport and evaluate capacity. Another user could
compose a micro-model of two very detailed aircraft
models in order to evaluate the conflict resolution pro-
tocol.

3.3 SHIFT : The Language of SmartATMS

A hybrid system is a hierarchical and parallel com-
bination of multiple hybrid automata, which can be
created, interconnected and destroyed as the system
evolves. Hybrid automata consist of standard finite
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Figure 3: Hierarchical Functional ATMS Layout

state machines in which continuous dynamics reside
within each discrete state. The discrete states typi-
cally model decision logic, communication protocol or
failure events. The continuous dynamics model the ac-
tual physical system. These automata collaborate or
interfere with each other through their input/output
interfaces or the synchronization rules.

For the simulation of ATMS, we need to adopt a simula-
tion language of hybrid systems. SHIFT is a program-
ming language for describing dynamic networks of hy-
brid automata, and supports the simulation of dynam-
ically reconfigurable hybrid systems. It is a distributed
processing simulation language that can be scaled to
meet the performance requirements of large-scale ap-
plications. The object oriented approach is used to
construct a logical model of the physical components
and their control agents. The objects in the logical
model have semantic content corresponding to their
characteristics, inter-relationships, constraints, and be-
haviors. Each object can be created, interconnected
and destroyed as the system evolves. The object ori-
ented approach simplifies system implementation, and
provides user flexibility.

The syntax structure of SHIFT is close to the model-
ing formalism which is commonly used in the hybrid
system community. The concept of hybrid automata
can be naturally mapped to a SHIFT structure called
type. Fach hybrid automaton is an instantiation, or so
called component in SHIFT, of a specific type. The
concept of type corresponds to the concept of class
which is conventionally used in most object oriented
languages. The type is a special class which character-
izes the structures and properties of hybrid automata:
discrete states, flows, transitions (also called jump in
hybrid system terminology), and synchronization rules,
etc. SHIFT provides methods for input/output con-

nections among different components as well as syn-
chronization rules for actions or transitions in different
components. In the setup phase, each component can
setup its input/output connections with other compo-
nents by using the connect command. Each component
can also export its transition between discrete states as
events so as to synchronize with transitions in other
components.

3.4 Simulation of Hybrid Systems

Hybrid systems, including ATMS models, possess vari-
ous properties which pose significant difficulties in their
simulation. Some undesirable characteristics of hybrid
systems which require immediate attention include:

Noncontinuous dependence on initial conditions
Hybrid systems, due to the existence of switch-
ing decision logic are extremely sensitive to ini-
tial conditions. Very small changes in initial con-
ditions may result in completely different sys-
tem trajectories. This inherent nonrobustness
of hybrid systems is amplified during simulation
when the continuous piece of the system trajec-
tory is numerically approximated. This could po-
tentially result in inconsistent system evolutions
where the the actual system may evolve in one
direction but the simulation evolves in another.

Event Detection A typical hybrid system evolves
in time under a given differential equation un-
til some synchronization or failure event is trig-
gered, at which point the system switches to an-
other mode and possibly another dynamic model.
The proper detection of events which cause the
transition is very crucial since many integration
schemes could potentially skip the instance at
which the event is occurred. Reducing the time
step of the integration may be safe for event de-
tection but may considerably slow down the sim-
ulation given the large scale of the problem.

Multiple time scales Large scale systems are usu-
ally composed of various subsystems which oper-
ate at different time scales. This presents prob-
lems in the integration of these systems and fur-
ther complicates event detection schemes.

Current hybrid system simulators do not adequately
address these issues. Research along these directions is
needed to ensure that simulators of hybrid systems are
producing system evolutions which are consistent with
the evolutions of the actual system.

4 SmartPlanes : A Visualization Tool for
SmartATMS

The complexity of large scale projects, such as the pro-
posed Air Traffic Management System, renders simula-



Figure 4: SmartPlanes Visualization

tion a valuable tool both in the design of various control
laws and coordination protocols as well as in the evalu-
ation of overall system performance. A good simulation
package may also be used as a debugging tool in the
design process. The complexity of the system also em-
phasizes the need for efficient computational schemes,
such as parallel computation algorithms. Visualization
techniques, such as animation, can be used to present
the simulation results in a manner which is much eas-
ier to analyze by the designer. In this direction, we
have started the development of SmartPlanes, a sim-
ulation and visualization facility for ATMS on an Sil-
icon Graphics platform. At the current stage Smart-
Planes, which is shown in Figure 4 is a visualization
tool which allows the user to view the trajectory of a
aircraft from various perspectives. For example, the
user has a choice to view the aircraft from the con-
trol tower, from a fixed location, or to have the pilot’s
perspective from the cockpit. In future versions, mul-
tiple aircraft will be shown as well as a local radar and
furthermore the user will have the ability to configure
his/her own airport so as to meet the needs of different
cities, e.g., Denver Airport, JFK International Airport,
etc.

5 Conclusions - Issues for Further Research

In this paper, we have introduced SmartATMS, a uni-
fied modeling and simulation framework for Air Traffic
Management Systems. Smart ATMS pays particular at-
tention to the hybrid nature of ATMS and will be used
for ATMS concept design and performance evaluation
under various benchmark scenarios. Its object oriented
nature allows users to easily create their own version
of ATMS and compare it with current or alternative
future concepts.

We are currently implementing our proposed ATMS

architecture, described in Section 2, with emphasis on
conflict resolution schemes for Free Flight. The more
general issue of accurate and consistent simulation of
hybrid systems is also under investigation.
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