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1.
Introduction
For air travelers, the visible part of Air Traffic Management (ATM) consists of
control towers at airports. However, the much larger part is non-visible and
consists of centers where air traffic controllers are in radio communication
contact with pilots while seeing their flights as moving dots on their screens.
This complex socio-technical system works worldwide, 24 hours per day, 7 days
per week, and provides a very high level of safety. Both in Europe and the USA
the development of future Air Traffic Management is a high priority; the targets
are to increase capacity and safety by factors of two or more.
Performance area

Improvement target

Capacity

3x

Safety

lOx

Economy

2x

Environment

10%

Table 1. Future ATM performance improvement targets in Europe [SESAR, 2006]

In this lecture, I will show that this development can benefit a lot from agentbased safety risk analysis feedback during the design. First, I will give a sketch
of ATM (Section 2). Then I will explain the why and how of agent-based safety
risk analysis of ATM designs (Section 3). Next, I will show practical applications
of agent-based safety risk analysis to ATM designs (Section 4). Finally, I will
explain the education and research views of my chair (Section 5).
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2.

Air Traffic Management (ATM)

2.1 ATM as it worl<s today
Figure 1 gives a very simple sketch of how Air Traffic Management (ATM) works
today, with focus on the air traffic control loop. On the ground there are the air
traffic controllers, and in the air there are the aircraft and flight crews. In each
aircraft the flight crew is controlling the flight in order to get to their destination.
The flight crew is supported by an onboard flight management system to
accomplish these navigation and control tasks. In current ATM, the crew has
a last moment collision avoidance support system, though is lacking on-board
support systems for keeping their aircraft timely separated from other aircraft.
For separation, the flight crew depends on dedicated navigation instructions
they receive from air traffic controllers through radio communication.

Figure 1. Sketch of current Air Traffic Control loop

So imagine what this would mean if a similar approach would apply when
you are driving in your car. Then you can navigate to your destination, but
you cannot timely see other cars. For the latter you are depending on a road
controller that instructs you by phone which maneuvers you have to make in
order to remain well separated from other cars. Obviously this would require
maintaining larger separations with other cars, and a dramatic reduction of
highway capacity. You can also imagine that this way of working would lead to
a challenge for road controllers. How can they monitor so many cars and talk at
the same time with all the drivers? There would be a certain limit on the number
of cars that could be managed by such imaginary road controller. However, for
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an air traffic controller this is reality, not an imaginary situation. Therefore the
number of aircraft that can be handled by an air traffic controller forms a key
bottleneck for the capacity/safety performance of current ATM.

2.2 Future ATM design challenge
Figure 2 gives an impression of the challenge in improving capacity and safety
of future ATM. The green line with the safe diamond operating point represents
the current Air Traffic Management concept. This concept can accommodate a
particular combination of capacity and level of safety. If one would move the
operating point down along the green curve, then capacity can be increased by
sacrificing safety. However the objective is to increase both capacity and safety.
This asks for a future ATM concept that corresponds to the red curve in Figure
2, and the choice of an appropriate operating point on this red curve. The figure
also implies that analyzing capacity alone would allow sacrificing safety for the
benefit of capacity. In order to be sure that this is not going to happen, there is
the need to analyze a future ATM concept on capacity and safety, jointly.

Safety per flight

operational
concept
© National Aerospace Laboratory NLR, 2000

Figure 2. Future ATM design requires safety/capacity

Capacity
analysis
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Because safety/capacity analysis of an ATM concept is very demanding, there
is the need to distinguish design activities from safety/capacity analysis. In
Figure 3, the safety analysts at the right conduct a safety/capacity analysis of
the future ATM concept developed by the designers at the left. When the safety
analysts have completed their safety/capacity analysis of an air traffic operation
design, then they communicate their findings with the design team.

Figure 3. Safety/capacity analysis feedback to future ATM designs

At National Aerospace Laboratory NLR, I have conducted safety risk analyses for
many ATM concepts, and the outcome often was that the safety/capacity was
worse than what the designers of the concept had expected. Typically, multiple
safety issues surface, like apples falling from a tree if you shake sufficiently
hard. The important point is that these apples turn out to be of great value if the
concept designers collect them and use them as feedback to trigger the further
improvement of the future ATM design. This even holds for designs that are
initially found to be unsafe, because once the designers start to think about the
feedback, they are often able to further develop the concept into a safe design.
The large potential of this interaction between safety risk analysis and ATM
design also poses a natural limitation on the roles of the safety analysts and
the concept designers. Once you have chosen to work in the group of safety
analysts, you do not have the luxury to step into the shoes of a designer. The
reason is that if you would make an improved concept design, you cannot
independently conduct the safety/capacity assessment anymore. So in order to
stay independent a safety/capacity analyst has to stay at the right side and can
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only try to motivate designers to improve their concept and then to come back
for the next round of safety/capacity analysis.

3.

Agent-based safety risk analysis.

3.1 Safety pyramid
In order to show how demanding ATM safety/capacity analysis is, Figure 4
shows the air traffic safety pyramid. At the bottom of the pyramid there are the
controller and pilot actions, which may happen in the order of 10 to 100 events
per flight hour. In air traffic management it is common practice to conduct fast
time simulations and real time simulations to explore the bottom area of the
safety pyramid. Halfway the slope, there are the incidents, which happen in
the order of once per 10 thousand flight hours. Just below the top there are
accidents, which happen in the order of once per ten million flight hours. At
the top you have mid-air collisions which may happen in the order of once per
billion flight hours. The ratio between the event frequencies at the top versus
those at the bottom are in the order of 10 to the power 10.

Figure 4. Air traffic safety pyramid

In order to imagine what this large factor means, take a look at Google earth.
At the start you see the full earth from outer space. From this you zoom in
through multiple steps until reaching your front door. After every zoom-in step
you see something completely different. This is similar to what happens if you
go up along the slope of this air traffic safety pyramid. This also explains why
conducting a safety risk analysis is so challenging.
7

3.2 Agent-based modeling
The challenge of safety risk analysis is not unique for air traffic management.
It also applies to many other safety-critical socio-technical systems, such as in
the nuclear and chemical industries. However, as is depicted in Figure 5, there
is a significant difference between the socio-technical system of a nuclear or
chemical plant and that of air traffic management.

Localised
interactions

Distributed
interactions

Highly
distributed
interactions

Figure 5. ATI^ reiative to other socio-technical systems [Blom and Lygeros, 2007]

In nuclear or chemical industries a catastrophic event may involve a much larger
number of fatalities than in air traffic management. However, the more demanding
aspect of air traffic management is that it is a highly distributed socio-technical
system. Each aircraft has its own crew which interacts with air traffic controllers
on the ground. This implies a highly distributed network of interactions between
many human and technical systems. These highly distributed interactions make
safety risk analysis for ATM much more demanding than it is for a nuclear or
chemical plant. Therefore we need another approach to safety risk analysis than
the classical techniques in use in nuclear and chemical industries.
The evaluation of highly distributed interactions in a socio-technical system asks
for agent-based modeling and simulation. Agent-based modeling and simulation
has been applied in various areas, such as ecology, political science, social
science, economics, evolutionary biology, biomedical science and computer
science. In all these areas, agent-based modeling and simulation has shown
to be a powerful approach in learning to understand the effect of dynamically
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interacting agent situations. Tiiis exactly is what we need in safety risk analysis
of ATM.
Figure 6 shows a generic example of an agent-based model. Each agent in this
figure is an autonomous entity that is able to perceive its environment and to
act upon this. An agent may be a human, a technical system, an organization, or
any other entity that pursues a certain goal. Once you have developed an agentbased model of a socio-technical system, then this model can be programmed
into simulation code, and subsequently be simulated on a computer

Figure 6. Agent-based model

3.3 Agent-based sub-models
In applying agent-based modeling and simulation to safety risk analysis of ATM,
we also have learned that one needs to work with particular agent-based submodels. In climbing up the safety pyramid, along the slope you come across
all kinds of hazards and non-normal events. We have learned how to capture
these hazards and non-normal events in agent-based modeling and simulation.
Recently we also have analyzed how important the various sub-models are
in terms of the percentage of hazards that can be captured by them. Table 2
presents the resulting top 5; the full list is much longer, though the first five
already reveal a remarkable aspect ofthe approach.
To start with the fifth one: dynamic variability applies to 8.6% of the hazards.
This sub-model captures for example the dynamic movement of aircraft, e.g.
in the form of a set of differential equations. This sub-model is often used in
various aviation simulation studies. The fourth highest ranking sub-model is the
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human information processing model of Wickens [Wickens and Hollands, 2000]
at 14.3%. Also this model is often used in aviation, e.g. for simulation of human
performance. At the third place are human slips, lapses and mistakes [Reason,
1990], at a percentage of 18%. These basic human error models are widely
used in classical risk analysis in nuclear and chemical industries. The second
place, at 19.9%, is for technical system modes. These include both system
configurations and system failures. These sub-models also are widely used in
classical safety risk analysis.
Top 5 sub-models
1.

% of hazards

Multi Agent Situation Awareness differences

41.4 %

2. Technical System Modes (Configurations, Failures)

19.9 %

3. Basic Human Errors (Slips, Lapses, Mistakes)

18.0 %

4. Huyman Information Processing

14.3 %

5. Dynamic Variability (e.g. aerodynamics)

8.6 %

Table 2. Top five ranking sub-models in capturing hazards
and non-nominal effects [Blom et al., 2013]

The highest ranking sub-model is "Multi-Agent Situation Awareness (MA-SA)
differences" at 41.4%, which is more than twice the percentage of number 2.
This MA-SA sub-model [Stroeve et al., 2003] is an extension of the Situation
Awareness model of Endsley [1995]. The extension allows capturing the
possibility that agents in the socio-technical ATM system may build differences in
situation awareness while they have no means to recognize that these differences
exist. This is comparable to what happens in the game of'Chinese whispering'^
In contrast to Chinese whispering, not only human agents contribute to this
propagation, but technical system agents as well. Fortunately these multi-agent
SA differences do not often sneak into the current ATM system. However, if they
do, this may lead to very risky propagation of these differences to other agents
as well.
A simple example of multi-agent SA difference propagation in ATM is a
phenomenon that is known as "Level bust". For example, a pilot of aircraft A
receives an instruction from his/her air traffic controller to climb to a altitude
level of 31 thousand feet. Assume that the pilot of aircraft A mishears the
instruction as 32 thousand feet and enters this into his/her flight management
system (FMS). Then the FMS will level-off aircraft A at 32 thousand feet instead
of the 31 thousand feet that is expected by the air traffic controller. The air
. „

' Chinese whispering is a game in which the first player whispers a phrase or sentence to the next player
Each player successively whispers what that player believes he or she heard to the next. The last player
announces the statement to the entire group. Errors typically accumulate in the retellings, so the statement
announced by the last player differs significantly, and often amusingly, from the one uttered by the first.

traffic controller may also have instructed another aircraft B to fly at a level of
32 thousand feet near the intended level-off point of aircraft A. In the current
ATM system this difference in SA between agents involved is only noticed when
aircraft A does not level off at 31 thousand feet. At this late moment there is
little time left to avoid a potential collision.
Although the above "Level bust" example is well known in ATM, the idea to
capture this phenomenon through multi-agent SA difference propagation
modeling is not. Moreover, this kind of multi-agent SA difference propagation
appears to apply in a significant percentage ofthe commercial aviation accidents
that still happen. By capturing the multi-agent SA differences propagation in our
agent-based model, we are able to predict such kind of risky situations in a
future ATM design.

3.4 Monte Carlo simulation
Once you have a multiagent model of the ATM
concept considered, which
conveys how different
behaviors may happen
at random moments, in
various orders and in
various combinations, you
want to use this model
for the assessment of
the probabilities at which
particular events happen
per flight hour. In order
to accomplish this, the
multi-agent
model
is
coded in a computer
language which includes
the possibility to generate
random numbers, e.g.
just as if your computer
can throw dices. Thanks to these generated random numbers it is possible
for your computer to run a large number (say N) of different simulations with
the agent-based model of the operation considered. This is known as Monte
Carlo (MC) simulation; i.e. you conduct N simulation runs with your agent-based
model and use different random numbers per run. When you count C crashes
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during N simulated MC runs, then the estimated probability of a crash is C/N
per run. Complementary to this way of risk quantification, MC simulation brings
another quality: for the C simulated crashes you can also look back into how the
trajectories evolved prior to the crash. This means you can find out what exactly
happens along the slope of the safety pyramid.

This MC simulation approach has an important advantage over a classical risk
assessment. In the latter case you must identify the possible event sequences
before you can start to do a systematic quantification. However with MC
simulation there is no need to first identify the possible event sequences.
Instead you first develop the agent-based model, which you subsequently use
for running the MC simulation. The MC simulation results simply show you
the most risky event sequences. Typically this may lead to identif/ing event
sequences that are not found through a classical safety risk assessment.

3.5 Integration of Mathematical tools
Because the top of the air traffic safety pyramid is so high, the number N of
MC simulation runs must be very large. Due to the large size of an agent-based
model of an ATM concept of operation, running straightforward Monte Carlo
simulations might take a lifetime. Even going to a super computer does not
really resolve this. The way out of this problem is to integrate agent-based
modeling and simulation with the power of dedicated mathematical tools (see
Figure 8).

Agent-Based
Modelmg and
Simulation

Agent-Based Safety Risk Analysis
Figure 8. Integration of mathematical tools with
agent-based modeling and simulation.
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This l<ind of integration of MC simulation and mathematics has become popular in
financial mathematics and in particle physics. However, to integrate agent-based
modeling with mathematics for safety risk analysis is an innovative development.

Stochastically & Dynamically Coloured
Fokker-Planck-Kolmogorov evolution
Probabilistic Reachability Analysis
Conditional Monte Carlo Simulation
Particle Swarm Intelligence
Importance Sampling
Sensitivity/Elasticity Analysis
:ertainty Quantification
Figure 9. l^athematicai tools

Figure 9 provides a listing ofthe main mathematical tools in use for agent-based
safety risk analysis. It goes beyond the aim of this lecture to explain them in
detail; a short impression of these tools is given only. At the top ofthe listing in
Figure 9 is the Stochastically & Dynamically Colored Petri Net (SDCPN) [Everdij
& Blom, 2010]. This mathematical tool allows developing a model specification
which assures that there is a one-to-one connection between your agent-based
model and certain basic stochastic process properties. First of all, the SDCPN
model supports a one-to-one relation with the evolution equations of FokkerPlanck-Kolmogorov [Krystul et al., 2007; Beet, 2010] and with the theory of
probabilistic reachability analysis for stochastic hybrid systems [Prandini & Hu,
2006; Blom et al., 2007, 2009a; Bujorianu, 2012]. In figure 9, examples of
MC simulation acceleration techniques are Conditional Monte Carlo simulation.
Particle Swarm Intelligence, Importance Sampling. Thanks to the SDCPN model
syntax, convergence properties of these techniques apply to an agent-based
model of ATM.
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Inherent to safety risk analysis it is unavoidable to work with various
uncertainties in the agent-based model. These uncertainties have to be taken
into account during the safety risk analysis. Mathematical tools for this are for
example Sensitivity/Elasticity Analysis and Uncertainty Quantification. Most of
these mathematical tools are already working well at NLR for direct use in rare
event MC simulation of an agent-based model. This will be demonstrated in the
next section about applications of agent-based safety risk analysis.

4. Illustrative applications of agent-based safety risk analysis
Sections 2 and 3 explained a very elegant theory regarding the why and how of
agent-based safety risk analysis. This raises the question whether it is merely
theory, or can it also be applied? The aim of this section is to explain that
this elegant approach has successfully been applied to various ATM examples,
such as:
• Reduction of separation minima in conventional ATM;
• Simultaneous use of converging runways;
• Runway incursions;
• SESAR future design;
• Free Flight.

4.1 Application examples
The first application example studied separation minima within current ATM
[Blom et al., 2001, 2003a]. The motivation for this choice was that for current
ATM a lot of statistical data is available, which provided the opportunity to
validate the approach. One of the key novelties of the agent-based safety risk
analysis application, compared to a statistical data analysis, appeared to be the
capability to conduct sensitivity analysis for various physical model parameters.
The second application was simultaneous use of converging runways [Blom et
al., 2003b]. The published results are for a specific application at Amsterdam
airport. Simultaneous use of converging runways for landings might create too
large risks in case aircraft on both runways would make a go-around. Of course
you want to have such situations well under control. Through agent-based
safety risk analysis the understanding of the risk has been increased a lot. As
a result of this, air traffic control was able to significantly improve safety of
simultaneous operations on converging runways.
The third application is crossing an active runway [Blom et al., 2006; Stroeve
et al., 2008, 2013]. For this hypothetical operation at Amsterdam airport we
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made a systematic comparison of an agent-based safety risl< analysis and a
classical safety risk analysis. The differences found were remarkably large.
By presenting the results of the simulated trajectories to operational experts,
it became clear that the agent-based results made far more sense than the
classical safety assessment results did. This reveals another strong point of
agent-based modeling and simulation: it can always show you the trajectories
of the strange thing that happened. This allows operational experts to verif/
whether those trajectories could really have happened.
The fourth application is an early design of a future concept in the terminal
maneuvering area (TMA), i.e. in the airspace surrounding the airspace of an
airport. This showed that the current practice in determining separation criteria
is in need of improvement for future TMA operations [Everdij et al., 2012].
The fifth application concerns free flight. Free flight has been "invented" in
1995, almost 20 years ago now [RTCA, 1995]. The idea is that you allow pilots
to handle separation management by giving them an Airborne Separation
Assistance System (ASAS). Since then, a lot of free flight research has been
conducted. Nevertheless, all these years a dispute has continued between
two schools of researchers. One school believes that free flight can safely
accommodate high traffic demand. The other school believes the opposite. In
order to decide this basic dispute there is a need for a scientific evaluation of
free flight concepts of operation on safety/capacity. This makes free flight a nice
application example for our agent-based safety risk analysis. Of course, to do
so we are depending on what free flight concept designers have made. If safety
analysts would make such designs, then they cannot independently conduct
the safety risk analysis. Fortunately there are two well-developed free flight
concepts: one is the Autonomous Mediterranean Free Flight (AMFF) concept
[Maracich, 2005] and the other is the Advanced Autonomous Aircraft (A3)
concept [Cuevas et al., 2010]. The next two subsections highlight the safety/
capacity analysis results obtained for these two Free Flight concept designs.

4.2 Autonomous Mediterranean Free Flight (AMFF)
Under the AMFF concept design, conflict resolution advisories to the pilots
address the nearest aircraft only. Although mathematics could do better than
this, this design choice has been adopted following strong pilot preferences.
The conflict resolution process consists of two phases. During the first phase,
when the predicted conflict is 6 to 3 minutes ahead, unambiguous priority
rules determine for each crew whether their aircraft should make a resolution
maneuver or not. Those priority rules are in favor of respectively aircraft in
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emergency, aircraft witli limited maneuverability, aircraft flying level, et cetera.
The second phase starts when a predicted conflict is 3 minutes or less ahead.
During the second phase both crews should make a resolution maneuver,
i.e. there is no priority. In support of this airborne based conflict resolution
approach, each aircraft regularly broadcasts its 3D position and destination to
the other aircraft.
Figure 10 shows the type of view a pilot sees when flying under AMFR At the
right-hand-side picture the own aircraft is in the middle. A nearby aircraft at
the left can be avoided by changing course to the right or to the left, such that
the resulting course falls in the yellow area at the right, or in the yellow area at
the left. The green dotted line at the bottom shows it also is possible to resolve
the predicted problem by making a climb. It is up to the pilot to make a choice
between these three options.

Figure 10. Pilot View in Autonomous Mediterranean Free Flight

This AMFF concept has been tried out through piloted real-time simulations.
Even the most skeptical pilot who participated in the simulation came out of
it completely convinced that it worked well and was perceived to be safe. In
these piloted simulations much denser traffic situations were considered than
those applying over the Mediterranean area. Even under high traffic densities
that you have in the core of Europe the AMFF concept appeared to work well for
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the pilots [Ruigrok & Hoekstra, 2007]. The only reservation raised by the pilots
was their strong dependence on the ASAS systems. If these systems would not
be reliable enough then there would be a problem. Through a technical system
safety study [Scholte et al., 2005] it has been identified how reliable the ASAS
systems should be.
Having the pilots convinced that AMFF works well is a necessity, though it is
not sufficient. The remaining question is whether AMFF also is objectively safe.
In order to address this question, we developed an agent-based model of the
AMFF concept. Figure 11 shows the agents in this model. For each aircraft in
the model there is an agent model of the aircraft itself, an agent model for
guidance, navigation and control (GNC), an agent model for ASAS, an agent
model for the pilot flying (PF), and an agent model for the pilot not flying (PNF).
Common for all aircraft is an agent model for global communication, navigation
and surveillance (CNS) and an environment model.

Aircraft /

Aircraft j

Aircraft

^Aircraft

GNC = Guidance, Navlgatloi
& Control

/
. ASAS

GNC

PF

ASAS

GNC

ASAS = Airborne Separatior
Assistance System

X
PNF

PF

—•

pm

PF

= Pilot Flying

PNF = Pilot Not Flying
Global
CNS

CNS = Communication,
Navigation & Contre

Figure 11. Agents in the agent-based model of AMFF.

After the implementation and verification of the agent-based model in computer
code, the MC simulations started. Figure 12 shows a top view of an example
outcome of a single MC simulation run for a scenario of eight conflicting aircraft.
Opposite aircraft in this scenario start at distances of 250 km from each other; the
straight lines for each of these aircraft to their respective destinations meet each
other in the center. Without a properly working ASAS system this would be unsafe.
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To see what happens under AMFF we ran a very large number of accelerated MC
simulations [Blom et al., 2009b], both for the eight-aircraft encounter scenario,
and for a two-aircraft head-on encounter scenario. The outcome of a single MC
simulation run example for both of these scenarios is shown in Figure 13. Due to
the effect ofthe random number generation the outcome of each MC simulation
run differs from all outcomes from the other MC simulation runs.
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Figure 12. Top view of example conflict resolution trajectories for eight
encountering aircraft under the AMFF concept design; O = start of simulated
trajectory. The circle at the center has a diameter of 10 Nautical miles (18.5 km).

In Figure 13, along the vertical axis there is the event probability. Along the
horizontal axis there are the different safety related events considered, ordered
to increasing severities. Most severe is Midair collision at the right. Going to
the left there are Near midair collision. Minimum separation infringement.
Short term conflict, and Medium term conflict. Under AMFF, the medium term
conflict happens at probability one per encounter. For the two-aircraft encounter
scenario the risk curve is rapidly going down. However, for the eight-aircraft
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encounter the safety risk curve behaves quite differently; it really goes down
much further to the right. This means that for the eight-aircraft encounter, ASAS
may not be able to timely solve all of the conflicts, and therefore continues
trying to do so in competition with a collision avoidance system.
In addition to these two-aircraft and eight-aircraft encounters, scenarios
of random traffic have been MC simulated. Similar as with the eight-aircraft
scenarios, ASAS continued trying to find resolutions also in the collision
avoidance time horizon.
Taking all together, the agent-based MC simulation results conducted clearly
showed that the AMFF concept could not safely accommodate high en-route
traffic demands. However, this does not mean that the same holds true for more
advanced free flight concepts.
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Figure 13. Event probabilities for two and eight aircraft
encounters under AMFF [Blom etal., 2009b].

4.3 Advanced Autonomous Aircraft (A3) concept design
In order to make the step to a more advanced free flight design, I organized a
very large European Commission project, named IFIy. The participants formed
two groups: one consisting of ATM concept designers, and the other consisting
of ATM safety analysts. Thanks to long term collaboration on free flight research
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between NASA and NLR, early on in this IFIy project, the IFIy design team
received a NASA report with an advanced free flight design [NASA, 2004] which
was not yet public. By now this design has been published in a conference paper
[Wing and Cotton, 2011].
The two main differences with the AMFF design are:
« Conflict resolution takes now all aircraft into account, not only the nearest
aircraft; and
® Each aircraft does not only send to all other aircraft its 3 dimensional (3D)
position and destination, but also its intended 4D trajectory plan. An intended
4D trajectory plan contains expected 3D position information at future
moments in time, i.e. in the 4th dimension.
These improvements over the AMFF design have also been adopted in the
A3 design [Cuevas et al., 2010]. The kind of agents involved is the same as
with AMFF, however, the ASAS agent is now much more complicated, and the
pilot flying tasks also are extended. Based on this, an agent-based safety risk
analysis has been conducted [Blom & Bakker, 2011, 2012].
Figure 14 presents an example outcome of a single MC simulation run for an
eight-aircraft encounter under A3 concept design. An important difference with
the MC simulation runs for AMFF is that the behavior is less nervous, due to the
broadcast 4D trajectory intents. Similar as with AMFF we can conduct many of
these MC simulation runs, and each time the characteristics ofthe behavior are
similar, though the trajectories are different. Similar as with AMFF, with A3 there
also is a lot of sensitivity to initial conditions and the effect of random number
generation in the Monte Carlo simulation. By running a very large number of
these Monte Carlo simulations we identified that under A3 the curves for the
two and eight-aircraft encounter situations had significant similarity. We also
repeated these MC simulations under various changes in the model parameter
values. This way we learned the effect of parameter changes on the safety risk.
Such repeating capability is not available when conducting simulations with real
pilot crews in the loop.
The follow-up Monte Carlo simulation experiment was to conduct dense random
traffic scenarios for a situation of three times the traffic demand in a busy enroute sector on a busy day in 2005. In order to accomplish this through MC
simulation of a limited number of aircraft, we made use of a Periodic Boundary
Condition, e.g. [Rapaport, 2004].
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Figure 14. Top view of eight encountering aircraft under the A3 concept design.
Notice the significant differences with AMFF trajectory characteristics in Figure 12.

Figure 15 presents I^C simulation results for 3x high 2005 random traffic, in
the form of estimated event probability as function of miss distance decreasing
from 6.0 Nm at the left till 0.1 Nm at the right. The minimum separation that is
currently prescribed in ATM is 5Nm; hence being in the green area is completely
safe. Being in the yellow area is considered as being acceptable in exceptional
cases. Being in the red area is considered to be undesirable. These boundaries
also apply in conventional air traffic management. The bracket in Figure 15
indicates how often the red area is entered under current ATM [NATS, 2011].
The behavior in the yellow and red area can only be assessed through a MC
simulation of all interactions between the aircraft, their ASAS systems, and the
crew decisions.
The miss distance probability curve for 3x high random traffic demand under
the A3 concept design goes very steep down in the yellow area, until it reaches
a probability level that reflects the reliability of the ASAS related systems. The
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steep bending is a very remarl<able behavior, and was better than what the A3
concept developers had expected. For me this was the first time that the results
we found through agent-based safety risk analysis were better than what the
designers had expected.
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Figure 15. Expected event probabilities for 3x high random traffic under
A3 concept design as a function of decreasing miss distance.

Figure 16 shows the effect of adding systematic wind errors. This represents
extreme cases of a passing weather front, as a result of which all 4D trajectory
plans have systematic wind errors. These systematic wind errors can go up
to 30 m/s. The curves in Figure 16 show that even at 30 m/s systematic wind
error, the curve in the yellow area stays well away from the bracket for current
ATM. This clearly is another amazing finding. Under 30 m/s predicted wind
error a straightforward prediction shows that the deviation from a 4D trajectory
plan is larger than 5 Nm. The curves found show that the tactical layer is able
to find new short term resolutions which safely compensate for the deviations
from the 4D trajectory plans. This is a very powerful emergent behavior of
the A3 concept, which avoids the earlier predicted need to enlarge separation
buffers [Consiglia et al., 2009]. Therefore the conclusion is that A3 can safely
accommodate very high en-route traffic demands.
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Figure 16. Effect of systematic wind errors of 10 m/s, 20 m/s and 30 m/s.

As a final test, we also conducted MC simulations for the case that the 4D plans
of aircraft were not broadcast by any of the aircraft. Then we found the dashed
blue curve in Figure 17. This curve shows that without intent broadcasting, the
powerful behavior of A3 is completely lost. This means that the 4D planning
layer plays a crucial role in making the A3 concept able to safely accommodate
very high en-route traffic demands.
Through complementary studies by NASA and Honeywell, it has been shown
that the A3 concept also scores positive regarding pilot perception [Consiglia et
al., 2010] and regarding ASAS reliability [Gelnarova and Casek, 2009]. Taking
all these findings together, this decides the dispute between the two schools
of researchers in favor of the believers. So the dispute can stop now, and
the developers of advanced ATM can embrace the fact that free flight can in
principle safely accommodate very high en-route traffic demands.
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Figure 17. The blue line shows what happens when none of
the aircraft broadcasts their 4D trajectory intents.

5. Education and research
Finally I will tell you about the education and research within my ATM safety
chair. First I will address the research, then the education.

5.1 Research
We have now a pretty good understanding of the safety/capacity characteristics
of the two extremes of the large ATM design space, with conventional ATM at the
left-hand side and advanced free flight at the right-hand-side. Having decided the
dispute between the two schools of researchers in favor of advanced free flight
does not mean that designers of future European or U.S. concepts should try to
jump from the left-hand side in this design space to the right-hand side. Instead,
they have to develop a transition path that supports a step by step evolution
from left to right. Further agent-based modeling and analysis support is needed
to explore the safety/capacity characteristics of these intermediate ATM designs.
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Complementary to the exploration of the future ATM design space, there
are various other interesting safety related design issues. One is that airline
operations control centers can increase their support to their crews because
of novel technology and communication possibilities. Another direction is the
idea to go to a single pilot crew; this involves various safety issues that should
be understood. Another development is to study the safety issues of remotely
piloted aircraft systems (RPAS). Currently, RPAS are allowed to fly in airspace
that is segregated from civil aviation airspace. The challenge is to allow RPAS to
fly in civil aviation airspace without causing safety risks for commercial aviation.
Another interesting development is the increase in the use of personal air
transportation systems. If more and more people would start to use personal
air transportation, this may lead to new safety issues. In order to understand
the safety issues that come with these developments, it will be of great help
to use agent-based modeling and simulation in order to see what is going to
happen early on.
Agent-based modeling and simulation is also being developed in other research
domains than aerospace engineering. This makes it very worthwhile to
collaborate with other research groups and other departments in Delft. And of
course we will continue the collaboration with NLR on agent-based safety risk
analysis, which in fact formed the basis of today's lecture.

5.2 Education
The education part is that we introduce MSc students to conducting safety
risk analysis of novel operation designs and to feedback the findings to the
designs. The principle of evaluating a design through simulations and feeding
the findings back to the design is widely known in other aerospace engineering
domains. However, to also do this for operational safety asks for a new way
of thinking regarding the modeling of both technical and human elements,
and their interactions. The objective is to teach MSc students an agent-based
modeling and analysis framework that allows them to accomplish this. Without
this integrated framework, the alternative is that system engineers evaluate the
technical elements, and psychologists evaluate the socio elements. The difficulty
then is to integrate the non-compliant modeling and analysis techniques in use
by these two disciplines. Instead, agent-based modeling and simulation forms
an integrated framework for evaluating socio-technical systems.
This year I have started to give a course on agent-based safety risk analysis and
the plan is to add to this a broader course on agent-based modeling in aviation.
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