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Abstract

ATSAM (Air Traffic Simulation Analysis Model) is
a flexible fast-time simulation-tool, designed to support
ATC-related research regarding en-route air traffic scena-
rios, e.g. to develop new ATC/ATM procedures. The AT-
SAM model is based on a generalized, somewhat object-
oriented modeling of ATS scenario elements/ATM con-
trol actions and a detailed continuous aircraft/flight si-
mulation model considering error influences modeled by
discrete events. ATSAM allows to assess safety and eco-
nomy related parameters within en-route ATS scenarios
for numerous operational, environmental, traffic-related
or aircraft-related boundary conditions. Currently, AT-
SAM is used to analyze, develop and optimige air traffic

flow control and management procedures for the German
ATS.

1 Introduction

Due to safety reasons, ATC-related research depends on the
availability of flexible simulation-tools to model candidate con-
cepts/procedures and the respective test scenarios with the re-
quired level of precision. The software package ATSAM (Air
Iraffic Simulation Analysis Model), described in this paper, is
such a simulation-tool with respect to the analysis of en-route
air traffic scenarios.

In contrast to a commonly used network-type approach AT-
SAM was designed as fast-time simulation with a continuous
model to simulate and monitor the dynamic behavior of the
different aircraft along their flight paths. Discrete events are
used to model ATC commands, system inconsistencies or er-
ror influences. Due to the generalized, object-oriented mode-
ling technique and a variety of build-in software features AT-
SAM supports the modeling of ATS scenarios for almost any
set of boundary conditions [2,3]. The developed program pack-
age includes pre-processing software to allow the direct input
of industry data/data provided by ATC authorities and post-
processing software (numerical, graphical) for result data as-
sessment and presention.

The development of the ATSAM was sponsored by the Deu-
tsche Forschungsgemeinschaft (DFG). The simulation analysis
currently performed is based on the scenario of the Air Traffic
System of the Federal Republic of Germany including the ad-
Jacent air corridors to Berlin. Simulations are run on a CRAY-
X/MP computer, requiring 3.2 MB of core memory.

2 Characteristics of ATSAM

To assess the performance (safety, efficiency,...) of en-route
ATC/ATM procedures in a realistic traffic environment a ra-
ther detailed modeling of flight movements on a system-wide
basis is required, to allow the evaluation of safety-related and
economy-related parameters. The application of such a model
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for research purposes, in addition, implies a number of special
program characteristics, e.g. flexibility in modeling, flexible
result data output and evaluation features, etc..

The developed software package may be considered as some
kind of testbed for en-route ATC/ATM-procedures based on a
fast-time simulation of a large en-route ATS scenario. ATSAM
models all relevant system elements regarding flight operations
(e.g. aircraft dynamics, avionic capabilities, navigation) and
considering air traffic control (e.g. surveillance, off-line/on-line
control procedures) under conditions close to reality (i.e. va-
rious error influences modeled in Monte Carlo technique). In
addition to this program package core, pre-processing software
to prepare the data input files and on-line/post-processing soft-
ware to evaluate the achieved simulation result data was writ-
ten.

Basic design principles in developing the software package
were;

e a generalized, object-oriented model/program design,
¢ a modular layout of the program package,

e an entirely data-/file-oriented scenario definition,

¢ a data-driven set-up of simulation experiments,

e model/software portability.

The program code developed on the basis of the rather ge-
neralized ATSAM model structure may be used for the analysis
of a variety of en-route-type ATC-problems without any code
modification. In the same way, ATSAM is not limited to a
specific ATC scenario/area.

Simulation runs and sample scenarios may be completely de-
fined and controlled by data input. Implemented into ATSAM
are the the basic elements/objects required to model the ATS
structure/configuration, the traffic demand and environmental
influences to define a test scenario, used as testbed for the
analysis of ATC/ATM procedures. According to this testbed-
function, user-specific ATC/ATM control strategies may be lin-
ked to the ATSAM system through special software interface
modules. In addition, ATSAM includes knowledge about the
relation and the interaction between those different objects,
to reject false input data and to add default values for slot-
parameters not explicitly specified.

Except for graphics, ATSAM is written in a standard HOL
(FORTRAN 77) and thus implementable on almost any other
computer fulfilling the requirements of core memory and com-
puting power. Currently, the ‘mainframe-ATSAM’ is used to
develop a numerically reduced model of the program system
core, allowing the on-line simulation of en-route air traffic ope--
rations within a limited control region on a '16/32-bit micro-
computer. The used graphic library is based on the GKS-



standard and available for a variety of FORTRAN-compilers
on micro-computers, too.

The above given outline of requirements for such a simu-
lation-tool leads to a program architecture with basically four
different logical sections of the program system core:

e the aeronautical data base system
(including basics of aircraft performance/dynamics),

e the input and generation of traffic samples
(including flight profile planning),

o the (off-line) ATC/ATM planning process
(i.e. the respective testbed) and

¢ the (on-line) ATS-simulation
(including error impact, conditional traffic input, ...).

Figure 1 shows a simplified flow chart of ATSAM, including
the pre-processing and the post-processing. Each of the modu-
les/sections shown, represents a software package of its own. In
total, the ATSAM program package consists of approx. 20000
lines of code (LOC).

3 Logical Modules/Functional Units
of ATSAM

3.1 The ATSAM Direct Access Data Base
System

The direct access data base system contains all data needed
to describe the entire sample scenario (static/geographic data,
performance data, dynamic/flight plan data,...). As ATSAM
was developed for research purposes, even otherwise static data
may change frequently, e.g. to analyze the impact of modifi-
cations of the airspace structure/organisation. Therefore, the
first ATSAM program module has to process the the sequen-
tial input data files specified by the user into the ATSAM-DBS.
According to future ATC/ATM concepts, supporting e.g. the
application of fuel-efficient direct routings in an automated con-
trol environment, the ATSAM-DBS has to contain more infor-
mation than a typical aeronautical data base, e.g. with respect
to aircraft performance.

3.1.1 The Aeronautical Data Base

The ATS/ATC-scenario modeled by default represents the cur-
rent ATS/ATC system status. The module processing those
data files, however, supports all forsesable system enhance-
ments. By modifying the input data, therefore, the program
user may model whatever futuristic scenario he requires. To
build-up the entire ATS, ATSAM needs information about:

¢ navigation systems and locations,

s waypoints,

o entry and exit points,

¢ airways,

¢ standard instrument arrival and departure routes and
¢ standard routes and/or user-preferred routes.

The files containing the information about the geography of
the scenario and its configuration are processed in the above ci-
ted hierarchical order to allow extended logic checking assuring
the consistency of the input data.
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All geographic coordinates (of nav-aids, waypoints,...) are
transformed by means of a stereographic projection into a car-
tesian coordinate system. The cartesian coordinate system is
used to simulate the movements of the aircraft (with individual
speed and altitude profiles) along sequences of waypoints. Ty-
pically, such a sequence of waypoints is defined by a routing,
combining segments of airways, SIDs and STARs. Simulating
area-control concepts, however, routings may be specified as
any combination of waypoints.

Navigation systems and techniques are modeled as position
errors resulting from inaccuracies of the respective position de-
termination, i.e. ATSAM may be used to analyze the impact
of new nav-aids (see [5]). For this purpose, waypoints are not
only defined geographically by longitude and latitude but, in
addition, a location method using nav-aids is specified. Depen-
ding on the available stations, there may be several possibilities
for locating waypoints resulting in different position accuracies.
Due to historical reasons, most waypoints published in the AIP
are defined as overhead waypoints. Besides radio nav-systems
(with direction and /or distance information), ATSAM supports
the use of satellite information or the use of a generalized nav-
system independent definition of position errors. If standard
radio navigation systems, e.g. NDB, VOR, DME,..., are used,
ATSAM will assign default accuracy values. By specifying the
appropriate input data, any nav-system and/or nav-system ac-
curacies may be simulated.

ATSAM uses a waypoint-oriented simulation model. The
boundaries of the considered scenario are defined by waypoints,
being at the same time the sources and the sinks of the (regu-
lar) traffic load. Though, the simulation of flights ends at those
waypoints, flight planning and profile optimization is done for
the entire flight segment to achieve sufficient realism. If traffic is
simulated in a network-type structure (airways, SIDs/STARs)
these points are either airports or so-called entry/exit-points
(ordinary waypoints with that special property of being a ‘boun-
dary-waypoint’). In a direct-route-environment additional way-
points for ATC-coordination purposes have to be defined which
may be considered as conventional entry/exit points (for mode-
ling purposes).

Backbone of the current ATS network structure are airways
connecting waypoints within the lower or the upper airspace.
The airports are linked with this airway system by standard
instrument departure and arrival routes (SIDs, STARs). As the
ATSAM model emphasizes on en-route traffic operations radar
vectoring techniques applied in terminal areas are neglected,
i.e. aircraft depart along SIDs and approach the airport along
a STAR.

The AIP contains so-called standard routes defining rou-
tings between entry points and exit points. In general, there
exist several route definitions for each connection. Typically,
an analysis will begin using the defined standard routes and/or
user-preferred routes. However, the ATSAM model is indepen-
dent of the current standard route system, allowing e.g. to
analyze the impact of a general application of direct routes. To
support simulations of area control concepts, the (static) infor-
mation contained in the aeronautical data base is completed
by information about the organisation/ sectorization of the air-
space and restricted areas. The respective airspace elements
are quantified on the basis of a two-/three-dimensional grid-
structure. .

In addition, a graphics package is available to plot a variety
of charts of the modeled ATS scenario. As example, Figure 2
shows the airway system of the lower airspace around Frank-
furt/FRG including the major nav-aids.



3.1.2 Aircraft Performance Data Base

To handle air traffic operations the ATC-module has to have
complete knowledge of the ATC-system and a basic knowledge
about aircraft performance/dynamics. Considering the anti-
cipated flight profile modifications by ATC, additional perfor-
mance data are required, compared to currently operating ATC
systems. Therefore, ATSAM uses a performance data base
which may be specified according to the level of detail needed
to perform a specific research task. If no data is available for a
particular aircraft type, the system will base its calculations on
default values. The aircraft performance data base is used for
ATC purposes and to plan/optimize flight profiles, if the sim-
plified flight planning mode is used which seems to be sufficient
for most ATSAM applications.

3.2 Traffic Data Input/Generation
3.2.1 Modeling of Traffic Samples

Depending on the given research task, it may either be desirable
to use a typical traffic sample or to simulate a specific non-
typical traffic situation. To allow a flexible modeling of any
required sample, ATSAM offers three different ways to specify
traffic demand:

¢ fixed traffic samples,
¢ generated traffic and
¢ conditional traffic.

Fixed samples are used either to work with real data or to
analyze specific traffic situations of particular interest. Using
the available pre-processing software, actual flight progress strip
data may be used to process input flight plan lists containing the
basic information about flights from one point of the scenario
to another.

Table 1 shows some example data records of a flight plan
data input file. The given information includes e.g. when (stot)
and where the flight first occurs, the flight number, the days
of operation (in Table 1, the sample is based on flight progress
strip data for a particular Friday in 1985), the departure air-
port/time, the destination airport/time, the aircraft type, the
times and the duration of the flight within the airspace and the
entry/exit points if one or both of the airports are outside the
simulated area.

However, a dynamic simulation of flights in a future ATC-
environment requires additional information, e.g. aircraft pay-
load, level of avionic equipment, etc.. Missing parameters are
automatically generated/determined by ATSAM.

The generation of traffic demand is based on a statistical
description of a (typical) traffic structure within the simulated
area. The generated flight plan list is comparable to the fixed
traffic sample input. As the generation process uses a pseudo-
random generator, the generated traffic is reproducable as long
as the input data remain unchanged. The comparability of
the generated traffic with a (typical) real sample depends on
the quality of the used data base for generation and on the
computing effort regarding the applied data logic checking (e.g.
aircraft range check, payload check, fleet check, ...).

The entry times of the flights are coordinated using a user-
specified coordination strategy (interarrival times/distances).
In case of a combined sample, the generated traffic is integra-
ted into the fixed flight plan list. Typically, the fixed sample
describes the basic (current) traffic load and additional traffic
is generated to model a future increase in traffic volume.
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Flights of the conditional input device with time or situation
dependent conditions for initialization are passed directly to
the simulation process without coordination to generate defined
overload situations.

3.2.2 Route Selection and Flight Planning

For each flight a routing will be selected according to the routes
specified in the aeronautical data base. In general, there are se-
veral routings available. The selection is based on the length of
the flight and the aircraft type. Direct routes may be specified
by input data or implemented as a general ATM-strategy.

The most economic altitude and speed profile on the se-
lected route is determined in a way to minimize fuel consump-
tion considering the performance of the respective aircraft type.
Though, only a part of the flight may be within the modeled
airspace, flights are planned for the entire routing to determine
correct profile parameters, Depending on the available data
and the required level of precision, ATSAM offers two different
profile planning modes: a somewhat ‘common sense logic® using
the basic performance data available to the ATC and a program
package comparable to real flight operations, using an algorithm
based on integrated range tables. For most ATSAM applicati-
ons, however, the simplified flight planning mode seems to be
sufficient.

Table 2 shows an example of a speed/altitude profile opti-
mized for a flight from Berlin to Cologne. In this case, however,
the desired optimum altitude profile will have to be restricted
within the Berlin air corridor. If restrictions apply, ATSAM
offers a feature to determine the resulting fuel penalty.

3.3 Simulation of Flight Operations

The ATSAM aircraft model is based on (user-specified) aircraft
performance classes. Current array specifications allow to use
ten (or less) main performance classes with up to ten subclas-
ses, each. In an object-oriented approach the different clas-
ses/subclasses represent an aircraft-type data structure. If the
respective input data file does not contain data for a specific
slot of a subclass, default values based on the main performance
class are assigned.

Flights are simulated using a dynamic model to allow the
required level of detail in considering error influences. Figure
3 shows the general, hierarchical concept of this aircraft/flight
simulation model, integrated into the overall ATSAM/ATC sy-
stem process. )

The off-line ATC/ATM planning is the outermost level. Re-
sult of this planning process are coordinated, conflict-free flight
plans. These coordinated flight plans, however, may be mo-
dified by interventions of the on-line ATS simulation, i.e. by
the ATC. On the basis of the flight plan/profile information the
flight management system (FMS) determines the corresponding
profile parameters considering the weather forecast. To be able
to consider the impact of various error sources, the FMS de-
termines the correct profile parameters and, at the same time,
the deviation due to occuring errors, if error conditions are to
be considered for the particular analysis. The model then com-
mands the perturbed values. Figure 4 shows, as example, the
resulting 3D-histogram using this technique to model the im-
pact of the nav-system accuracy (p/f-system, see [1,2]). The
flight path control algorithm leads the (dynamic) aircraft along
the desired trajectories.

The aircraft dynamics are represented by a simplified dyna-
mic model with three control parameters (air speed, path angle,
bank angle). Compared with results based on the complete set



of differential equations of motion, the achieved accuracy of
modeling the dynamic aircraft motion through the air space is
sufficient with respect to the given research task {1}. In ad-
dition, the user may select his own required level of precision
by choosing the simulation/integration method (simple Euler-
Cauchy or 4th-order Runge-Kutta) and the appropriate time
step within the limits given by the model dynamics. During
the simulation, actual weather data as specified by the user’s
wind/weather-model are considered which, of course, may de-
viate from the forecast used for planning purposes. For each in-
tegration cycle the individual aircraft ‘send’ their actual aircraft
state and their position to the modeled ATC. These data may
be recorded on tape, e.g. to process plots of the traffic situation.

So far (ATSAM [release 1.0]), the algorithms to simulate
flight operations used by the ‘off-line module’ and the ‘on-line
module’ are basically the same, except for the consideration of
error influences and conditional traffic. The ‘off-line module’
predicts traffic entirely based on flight plan data, beginning
with the actual air space situation. The ‘on-line module’ si-
mulates actual traffic operations including the error impact of
various sources. New flights are initialized according to the
flight plans/profiles coordinated by the planning function. Nu-
merically reduced prediction algorithms are currently under de-
velopment,

3.4 Modeling of ATC/ATM Commands

As mentioned above, basically the same algorithms are used
by the off-line ATC/ATM-planning module and by the on-line
ATS simulation module. Therefore, the process of monitoring
and intervening into the traffic flow, if required, is similar, too.
The major difference is just the available time frame to deve-
lop a solution (as the planning module predicts traffic some 20
or 30 minutes ahead) and the respective intervention/control
strategy, i.e. how to react in a given situation.

In general, the modeling of ATC/ATM commands is a three
step process:

STEP 1;

First of all, the automatic monitoring detects (poten-
tially) critical situations and checks for the available
time frame,

Critical situations may be aircraft/aircraft conflicts (interfering
trajectories) or aircraft /airspace conflicts (violations of capacity
limitations/restrictions). Time frames of the ‘on-line module’
are: short-term actual danger, potential danger and bottle-neck
situation. The ‘off-line module’ differentiates between planned
conflicts and predicted bottle-neck situations. ATSAM sets the
appropriate alert flags and does the required bookkeeping.
ATSAM was basically designed as a testbed to assess the
performance of ATC/ATM procedures, ATSAM, therefore, only
includes elementary control commands (heading change/com-
mand, altitude change/command, speed change/command, re-
routing by dropping and/or adding waypoints). Complex con-
trol command sequences may be defined using these basic ATC
commands. For this purpose, the program user has to spe-
cify the control concept/strategy which should be applied, i.e.
which should be analyzed by using ATSAM. The specification
of a control strategy consists of a table of different traffic situa-
tions and related criterias to apply certain command sequences
using the available elementary control commands. ATSAM of-
fers special software interfaces to integrate these user-specified
control strategies. To give an example: to develop (first-order)
ATM-procedures the respective ATM-strategy may be included
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in the ‘off-line module’ and the ‘on-line module’ is used just to
monitor the effects of the planning process without intervening
into the traffic flow.

STEP %
To develop a solution if a critical situation has been
detected the type of airspace situation has to be iden-
tified. According to the user-specified control con-
cept, a ‘locally’ feasible/efficient solution will be de-
veloped.

STEP 3:

Depending on the available time frame, the chosen
control commands will be immediately executed (i.e.
sent to the aircraft) or the solution will be checked
for ‘global’ efficiency. In case of a non-acceptable
result the search for a new, more efficient solution is
initiated, if the lead time still allows a re-planning
(i.e. loop to STEP 2).

3.5 Switching between On-line and Off-line
Operating Modes

The off-line ATC/ATM planning functions and the ATC con-
trol functions of the on-line ATS simulation are in principle
parallel processes, as the prediction has to run ahead the actual
time in a real-time environment. The CRAY X/MP used to run
ATSAM, however, allows only batch programming. As a batch
operation does not allow an interactive program execution the
parallelism of the on-line/off-line module was simplified into a
sequential data processing switching between these two modes.

The time interval used for prediction may be selected by the
program user. The actual value is the result of a compromise
between the strategic character of ATM-procedures requiring
longer times and the desired precision of the prediction, decli-
ning as the prediction time interval is increased. Reasonable
values for the analysis of traffic within the German airspace are
about 30 minutes, i.e. every 30 (simulated) minutes the simula-
tion will be stopped, the planning process will be initiated and
performed for the next 30 minutes ahead, then the simulation
will be continued, and so on, until the (simulated) time reaches
the defined simulation end.

3.6 Result Data Assessment

Due to the complexity of the simulated ATS scenario, usually
graphical evaluation techniques are advantageous. Furthermore,
graphics play an important role in controlling the extensive
input data to define the airspace structure/organisation for
input errors which may not be automatically detected. Nu-
merical/analytical evaluation methods are used for statistics or
to determine parameters of assessment functions,

The ATSAM graphics package was designed to support the
assessment of ATSAM result data and, alternatively, to analyze
the respective real traffic data (e.g. flight progress strip data).
Figure 5 shows, as example, a plot of the traffic flows within
the (lower and upper) German airspace based on actual flight
progress strip data.

Depending on the chosen evaluation method, the respective
program modules were realized for on-line or off-line operation.
Basic traffic statistics and modules for a basic performance eva-
luation are on-line features. Figure 6 gives an example of a
typical on-line graphics support: the airspace situation display.
This ‘radar-type’-display may be plotted at constant time inter-
vals. It is used besides the numerical output to achieve a vivid



impression about aircraft movements in the airspace during the
simulated flight operations. In addition, all relevant data may
be recorded on magnetic tape allowing a further off-line assess-
ment.

4 Summary and Conclusions

To assess ATC/ATM-procedures embedded into a realistic ATS
scenario a simulation model is required which allows, at the
same time, to analyze safety (e.g. separation assurance, con-
sideration of capacities/restrictions) and economy (e.g. direct
routes, efficient flight profiles). ATSAM (Air Traffic Simulation
Analysis Model) is such a flexible simulation-tool for en-route
air traffic scenario.

Though ATSAM was developed as fast-time simulation, thek

model and the system features were specifically designed to sup-
port ATC-related research in a way, comparable to real-time
simulation environments, with a major difference: the analysis
is done on a system-wide basis considering several hours of traf-
fic operations within a large area. Numerous software switches
allow to set-up and perform simulation experiments for most
of the problems occuring within the en-route airspace without
any modification of the program code. The results given in [5],
for example, were achieve by using ATSAM to analyze the im-
pact of navigation accuracy on safety and capacity. Other typi-
cal ATC-related problems where the ATSAM program package
may be applied to support the required decision-making process
are, e.g.

+ modifications of the ATS structure/organisation,
« traffic-related investigations,
« implementation of new technical equipment or

e development of strategies for an automated ATC/ATM.
The simulation analysis currently performed, is based on

the scenario of the Air Traffic System of the Federal Republic
of Germany including the adjacent air corridors to Berlin.

5 Abbreviations

AIP Aeronautical Information Publication
ATC Air Traffic Control

ATM Air Traffic Management

ATS Air Traffic Scenario

ATSAM Air Traffic System Analysis Model
DBS Data Base System

FMS Flight Management System

GKS Graphical Kernel System

HOL High Order-Language

LoC Line(s) of Code

SID Standard Instrument Departure Route
STAR Standard Instrument Arrival Route
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11031144
11041139

Table 1: specification of flight plans (example)
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Table 2: flight profile optimization (example)

DST: EDDK

PLANLW  F-DIST
36000. 260.

DIST
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0. 0.

5. 25.
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551

250.
250.
250.
337.
416.
415.
415.
339.
339.
260,
2860,

M ENT EXT

80
70
17LNO
25

LNZ
LUXIE
TRA
OKG
DIK

1BLUXIE

8
355P1

LNC
NORIN

24BEDUMTALSA

12
34LNO
38SPI

19ARKON

41
35

NUMWP
11

DIK

NORIN

viw

GW [KG] F-TIM [SEC]
38007.
87927.
37762.
37160.
36740.
36448.
36237.
36114.
36089.
36029.
36000,

0.
61.
167.
643.
934.
1342.
1637.
2044.
2166.
2413.
2642,



flight intention

off - line ATC/ATM planning

woather forecast

error impact

actual

flight managemeant system

ght path control

i

traffic monitoring

aitcraft dynamics

chical concept of the ATSAM flight simulation model

jerar

h

.
N

Figure 3

A\
A=
AN

0NN
ooo: $o4

b
L) K
M.w [o %_v

)

.«..... ) X
YA OF ofo\ N..
b e
Oc— 0
W— E..“.-f 5 ..
l.l.l.ﬂ.l%./? X)
F—r—X
o w42, ¥
bR
P48
—.l‘v{\

¢

747
()
00.

o
0\
R
olll
4

"
—

L
A
{7
[ 7
7
7
S —
]
:'

— ..%l

)
‘

¢
— ~.¢........

100

direction towards p/f-stat

tion)

iga

ror (p/6-nav

sition er:

Figure 4: example-histogram of the resulting po:
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Figure 5: ATSAM graphics: traffic flow chart (example)
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Figure 6: ATSAM graphics: traffic situation display (example)



