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ABSTRACT

To facilitate the continuing growth of air traffic and
the request for more operational flexibility, users will
require various systems not only to prevent collisions
but also to allow on-board separation assurance
without air traffic controller intervention. This
responsibility shift implies that maneuver
coordination between aircraft will no longer lie with
one central controller but rather will be based on
maneuver coordination rules typical to fully or partly
decentralized systems. Clearly, higher rule
complexity, assuming a proper design, leads to
additional gains in safety and maneuver efficiency for
particular operational environments. However higher
rule complexity often requires more input information
and more computation for rule application, which
might have a negative impact on safety and increases
system cost. This paper discusses the rule complexity
/ rule efficiency problem. Rule efficiency measures
are discussed and mathematically defined. Further, an
approach to evaluate different rule structures for an
airborne separation environment using computer-
based models is described and results are presented.

1 Introduction

The air traffic conflict detection and resolution
process consists of several tasks to ensure separation
or avoid collisions depending on the scope of the
system (Figure 1) [1].

The first task is to check the environment for
potential conflicts with the help of state and possibly

velocity vector information. Based on the information
available, future positions can then be estimated.

Conflict detection is based on the estimation of future
vehicle positions and through the application of
predefined metrics on the situation in order to decide
whether or not a conflict is present. This metric may
include a sole parameter (e.g., distance) or may be a
combination of several parameters (e.g., distance,
time and maneuvering cost).

After the detection of a conflict, a conflict resolution
phase requires appropriate maneuver action and
information distribution to all aircraft involved in the
conflict.

Under certain operational conditions, rule systems
such as Visual Flight Rules (VFR) [2] in aviation or
Collision Avoidance Rules for shipping [3] are used
for the resolution maneuver coordination. These rules
define priorities to vehicles involved in the conflict
and suggest a corresponding resolution maneuver.
Explicit maneuver coordination is possible but not
necessarily required. Envisioned self separation
environments such as "Free Flight" [4] will likely
need some form of resolution maneuver coordination.

In a decentralized system, each agent has to
coordinate decisions with other agents involved in the
conflict. Predictability of decisions and resolution
maneuvers is essential to maintain an orderly flow of
traffic and to prevent collisions. Rule systems for
maneuver coordination (priority determination &
resolution maneuver) would facilitate this
predictability.

The complexity of maneuver coordination rule
systems depends on the operational environment and
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its characteristics. In today’s existing rule-based
systems quite simple rule sets are used and work well
(e.g. VFR). Responsibility for decisions rely with the
human operator (for legal reasons), who has to
understand the underlying principles. The use of too
complex rule systems holds the potential for human
misinterpretation while they might not necessarily
increase operational system performance.

Figure 1: Generic Conflict Detection and Resolution
Process

Additionally, the increase of rule complexity follows
the law of diminishing returns, meaning that the
additional gain through more input information and
higher rule complexity is getting smaller. Finally,
increasing rule complexity may make it more difficult
for human operators to understand the basis behind
conflict decisions, potentially resulting in non-
conformance and distrust of the system.

2  Evaluation of rule systems

New system designs are generally tested upon
whether specific predefined criteria, e.g. operational
needs, are met or not. Careful attention has to be
placed on the definition of these criteria. In the case
of evaluating different designs of maneuver
coordination rules, criteria such as " ... route
efficiency, time efficiency, fuel efficiency and other

practical aspects related to displaying and executing
the resolutions" can be used. [5]

For the particular evaluation scheme several
processes may be considered:

• A system evaluation can be done through a team
of proven experts. Most often the system
operators are involved. In the evaluation process
of the Extended Rule of the Air (EFR) proposed
by Eurocontrol [6] experts from fields such as
piloting, ATC operation, and aircraft dynamics
and equipment have been involved.

• A computer based simulation (i.e. a fast-time
simulation with no human operator involved)
would be a more complex but more objective
evaluation method. It is certainly less biased to
well established beliefs within the operator or
expert community  and offers the advantage of
being able to objectively run through far more
scenarios and options in significantly less time.
Further, if necessary, advanced methods to
optimize the design can be applied. However the
analytical criteria used in a simulation must
reflect operational needs as closely as possible
and it is often difficult to formulate those criteria
(i.e. if cognitive aspects are critical).
Additionally, it is difficult to model human
behavior in fast-time simulations beyond a
simple level. often it is assumed that humans will
act exactly as the rules dictate when in reality
there may be cases in which this is not so.

• And finally a human-in-the-loop computer based
simulation can be a means to allow cost efficient
but quite realistic evaluation (compared to flight
trials with real aircraft) of even complex
cognitive aspects of designs. However the
number of scenarios subject to test are limited
due to time-constraints related to the duration of
a human-in-the-loop simulation run and the
availability of suitable human test subjects.

3  Rule Design

3.1 Information needed for Maneuver
Coordination

For maneuver coordination based on rules essentially
three different kinds of information can be used:

• position or state information
• velocity vector information
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• additional (intent) information, e.g. emergency
status, target altitude, next waypoint

All information listed above is envisioned available in
an ADS-B message. The available information pieces
can be used solely or in combination. Table 1 lists
examples of maneuver coordination rules used in
today’s operational environment or those proposed in
the literature with the corresponding information used
in the priority determination process. The column
labeled “evaluated” indicates whether this
information was used for priority determination rules
in this paper.

The most basic information about conflicting aircraft
are their positions (either absolute or relative).
Priority determination in simple coordination rules
such as VFR are entirely based on state information
(i.e. the other vehicle’s relative position).

Information Example evaluated
State Visual Flight Rules (VFR) ü

ATLAS Autonomous
Flight Rules [6]

ü

• IFR/VFR Flight
Level Rule [2]

• NLR’s Altitude for
Direction-of-Flight
(AFDOF) [5]

ü
(partly)

State and
Velocity
Vector

Distance to closest point
of approach - EFR rules
used in FREER [6]

State,
Velocity
Vector and
Flight Phase

• Maneuverability/Avai
lability - EFR rules
used in FREER [6]

• Phase-of-Flight
Priority (PFP) – NLR
Free Flight Trials [5]

ü

Table 1: Information used for maneuver coordination
with examples

The velocity vector could also be used to  determine
priority based on the vertical rates of the aircraft
involved. Considering that aircraft fly at constant
altitudes in cruise, a vertically moving aircraft could
be assigned lower priority than level cruising aircraft.
This would only require the knowledge of the vertical
rate.

Further state information and the velocity vector can
be used to determine priority. The proposed EFR
rules use a reliable estimation of the distance to the
closest point of approach (CPA) based on current
states and the explicit knowledge of the velocity
vector of the aircraft involved in the conflict. In case

both aircraft are in the same (sub-) flight phase the
aircraft farther away from CPA, i.e. the faster aircraft,
will have to give way to the slower aircraft.

Even more additional information (priority categories
such as emergencies or ambulance flights) possibly in
conjunction with state and/or the velocity vector can
be used to determine the flight phase of particular
aircraft and to assign priority between conflicting
aircraft based on it.

3.2  Resolution Dimensions

Initiating a resolution maneuver requires at least one
aircraft to change its flight path, i.e. to change its
velocity vector. Three directions are possible:

• The speed of the aircraft (length of the velocity
vector) can be increased or decreased;

• A turn can be initiated, i.e. a change of the
velocity vector in the horizontal plane;

• The vertical rate can be changed, i.e. change of
the velocity vector in the vertical plane.

Changes of the velocity vector are possible as a
single-state maneuver (e.g. change of the speed only)
or in combinations (e.g. speed and heading).
Combinations of maneuvers can be performed
simultaneously or in sequence. Further, maneuver
strength can be shared among conflicting aircraft or
not (e.g., Eby's potential field model used in NLR
Free-Flight trials) (see table 2).

Table 2 below lists some potential resolution options
possible and examples if known. As in table 1 the
columns labeled “evaluated” indicates whether the
resolution option was evaluated in the computer
simulation discussed here.

Order Example evaluated
Shared
Resolution;
Only one change
of the velocity
vector

• NLR repulsive
force principle
(with sole
maneuver) [5]

• NLR Extended
VFR Overtaking
Rules (EVOR) [5]

• ATLAS head-on
encounter [6]

ü (partly)

Shared
Resolution;
Sequential
Changes of
Velocity Vector

- ü (partly)
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(e.g. level off
followed by a turn
Not Shared
Resolution;
Only one change
of the velocity
vector

• Visual Flight
Rules [2]

ü

Not Shared
Resolution;
Sequential
Changes of
Velocity Vector
(e.g. level off
followed by a turn

- ü
(Heading &
Altitude)

Table 2: Conflict resolution options with examples

4  Rule Evaluation Criteria

System evaluation, beside many other aspects
requires careful selection of the proper evaluation
criteria. These have to be chosen according to the
operational requirements and constraints of the
environment where the system will be used.

For aircraft separation purposes definitely the most
important operational constraint for maneuver
coordination rules is that proper application ensures
safe separation of all aircraft at all times. This
constraint can be considered a hard constraint,
disqualifying those rules not meeting it.

Between rules meeting the constraint of ensuring safe
separation, however, differences in operational
efficiency of different rules should be taken into
account. In an effort to evaluate rule sets a cost
function was used [7]. Beside other parameters the
cost function is based on cost for additional fuel and
time, required by resolution maneuvers. However one
disadvantage of this approach is the requirement of
detailed information about different parameters, e.g.
cost indexes, fuel flow depending on the aircraft
mass, which might vary between users and
equipment. Another approach using only cross-track
distance from the initial planned route instead of fuel
and time reflects the operational efficiencies in an
appropriate way and is far easier to model. The latter
approach was chosen for this study.

As a third evaluation criterion, the number of
maneuvers necessary to achieve safe separation was
chosen. Free Flight Studies involving pilots showed
that pilots tend to dislike the necessity of several
resolution maneuvers to achieve safe separation [8].

Pilots requested to keep the number of resolution
maneuvers low. Therefore the number of maneuvers
resulting from the application of coordination and
resolution rules was inserted into the evaluation
function.

In summary, three criteria are used in this study:
• safe separation
• cross-track distance from the initial planned route
• number of resolution maneuvers

The criteria are mathematically combined giving the
following evaluation value (EV) function:

PenaltyManeuverOffset

k
EV

+⋅
=

2

Offset (in kilometers) is the average of the maximum
cross-track distances from the initial planned route
required by a (combination of) resolution
maneuver(s). Maneuver is defined as average number
of changes of the velocity vector to resolve a conflict.
The square of maneuver is used to emphasize a low
number of maneuvers. A Penalty of 100 is added if a
the required separation is not met. The penalty is
needed for the genetic algorithm to prevent
reproduction of rule combinations not meeting
separation minima. The parameter k was chosen to be
10 to provide convenient magnitudes for EV, though
any value could be used.

The EV function defines operational efficiency and is
used to compare different rule combinations. The
higher the EV value the higher the achieved
operational efficiency.

5  Rule Evaluation

For rule evaluation a fast-time flight simulation was
developed. The simulation integrates:
• equations of motion allowing the calculation of

flight paths for point mass aircraft;
• aircraft performance data of Airbus A340 aircraft

based on Eurocontrol’s Base of Aircraft Data
(BADA) [9];

• a database defining different meta-rules for
priority determination and conflict resolution;

• a database with a discrete number of conflict
situations;

• the calculation of the evaluation value based on
the above specified criteria.
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5.1 Rule Definition

Different meta-rules were defined and stored in a
database. Meta-rules are based on existing rule
systems (e.g. VFR), suggested systems found in the
literature or logical combinations of priority
determination and resolution maneuver options as
described above.

A meta-rule consists of different rules which are
combined forming a decision tree. Several rule inputs
are connected to a rule output (decision or action).
Additionally meta-rule parameters such as sectors
(see figure 2) or a maneuver strength (bank angle or
vertical rate) are variable and are subject to
optimization in the evaluation process.

Figure 2: Parameters β1, β2 and β3  for Sector
Definition in a meta-rule

The simulation is linked to an optimization system
using genetic algorithms [10]. The EV function is
used as the objective function for the genetic
algorithm optimizing parameters of  meta-rule
combinations for comparability. In the meta-rules
parameters such as the angles β1, β2 and β3 which
describe sectors around the aircraft in the horizontal
plane (as used in VFR) are variable (see figure 2).
Varying  parameters within a meta-rule result in
different operational efficiencies.

For evaluation purposes different combinations of
meta-rules were tried. Each combination should yield
the best evaluation values possible for a predefined,
discrete number of conflict situations. Thus
optimization of meta-rule parameters is necessary.
Genetic algorithms were found to be suitable for this
task.

Eleven meta-rules, four for priority determination and
seven for conflict resolution, were defined and
evaluated. Tables 1 and 2 show which rule designs
were used. Table 3 provides explanations about the
meta-rules used. The seven conflict resolution meta-
rules organized, according to the necessary changes
of the velocity vector, in three groups. In the

simulations the resolution meta-rules in the specific
groups were combined with the meta-rules for
priority determination and parameters were optimized
using genetic algorithms.

Meta Rules Explanation
Priority Determination
VFR Models the priority decision part of

existing VFR rules. The sector
geometry (β1, β2 and β3) is
constant.

State Like VFR but the sector geometry
is used for priority determination.
The sector geometry (β1, β2 and β3)
is variable.

State & Vector Like State but aircraft having a
vertical rate unequal zero have
lower priority than aircraft with a
vertical rate equal zero.

State & Vector
& Flight Phase

Like State & Vector but the
velocity vector is used to
differentiate between climb, cruise
and descend. Cruise has the highest
priority. Climb has a higher
priority than a Descent.

Conflict Resolution
Maneuver
Lateral

Resolution Maneuvers are
performed in the lateral plane only.
Two meta-rules are used.
• Turn in the direction to pass

behind the conflicting aircraft.
• Always turn to the right

(corresponding resolution
maneuver to VFR).

Maneuver
Lateral & Level
Off

Sequential changes of the speed
vector in the lateral and vertical
plane. Changes in vertical plane are
in the form of a temporary level-off
or a decrease of the vertical rate.
Five meta-rules are in this group

Maneuver
Lateral &
Vertical

Sequential changes of the speed
vector in the lateral and vertical
plane are possible. Possible
velocity vector changes in the
vertical plane include a level-off, a
decrease of the vertical rate or a
change of the flight level in case of
cruising. Seven meta-rules are in
this group.

Table 3: Meta-rules used in the evaluation process

β 1β 3

β 2

"Right""Left"

"Behind"
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5.2 Situations

The rules were evaluated using 19 different conflict
situations varying in geometry (horizontally: head-on,
crossing and slow-closure encounters; vertically:
combinations of cruise, climb and descent) and flight
parameters such as velocity and rate of climb/descend
are used. Each scenario was weighted by its
likelihood of occurrence, based on data provided by
the Eurocontrol ACAS evaluation report [11] and a
Boeing report about en route Free Flight simulations
in the Cleveland airspace [12].

Modeling situations by continuously varying relative
closure angles, vertical rates and turns on a
stochastical basis is possible and such trials were
conducted. These trials showed no significant
evaluation value difference compared to using a
discrete number of situations weighted with a
likelihood of occurrence.  Computational effort
however is much higher in the former case.

The 19 different conflict situations were used for
three different separation environments varying in
horizontal and vertical separation minima:

• 5 nautical miles horizontal and 2000 ft vertical
• 5 nautical miles horizontal and 1000 ft vertical
• 3 nautical miles horizontal and 1000 ft vertical

In the simulations it is assumed that crews would
initiate a resolution maneuver following rules
between 10 minutes and 5 minutes before reaching
the closest point of approach (CPA) in the conflict.
The resolution initiation thus was modeled for
600sec, 500sec, 400 sec and 300sec before reaching
the CPA. The resulting evaluation values were then
averaged.

For simplification purposes at this stage, the
simulations used only pairs of conflicting aircraft.

5.3 Results

In the figures 3 to 5, the rule evaluation results for the
three separation environments are plotted. Along the
x-axis, the priority determination rules used in the
study are shown. The points (combined with lines)
mark the different combinations of priority
determination and resolution maneuver rule options.
The evaluation value (EV) of the simulation is plotted
along the y-axis. Higher evaluation value (EV)
indicates better operational rule efficiency according
the criteria specified above.

Figure 3: Evaluation results for a separation
requirement of 5 NM laterally and 2000 feet

vertically

Figure 4: Evaluation results for a separation
requirement of 5 NM laterally and 1000 feet

vertically

The solid line shows different priority rule
efficiencies if only lateral changes of the flight paths
are applied for resolution.

The broken line shows priority rule efficiencies if
lateral and vertical direction changes are applied
solely or in sequence. The simulation showed that for
aircraft which have to give way and are either in a
climb or descent, modifying the vertical rate is an
efficient option to resolve the conflict.

Results for 5 NM/1000 feet Separation
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The dotted line shows priority rule efficiencies if
meta-rules include lateral maneuvers, level off and
flight level changes. Adapting the vertical rate is the
best option for aircraft in climb or descent. For
aircraft in cruise, because of the lower vertical
separation required, changing the altitude results in a
higher EV value than a heading change.

Resolution maneuver rules show a general trend to
use vertical direction changes (i.e. reduced rate of
climb/descent or changing altitude), which can be
explained through the large separation standard ratio
between horizontal and vertical and to the form of the
evaluation function that was used. Without
considering passenger comfort, engine wear or other
aspects, changes of the flight path in the vertical
direction is more efficient than lateral flight path
changes.

Visual Flight Rules (VFR) are used as a baseline in
all three scenarios. However the application of VFR
violated separation requirements of 5NM/2000ft and
5NM/1000ft in cases where the resolution maneuver
was initiated at a smaller time to closest point of
approach limit (e.g. 300sec) in slow-closure
encounter situations. The separation violation,
because of the penalty, results in a very low EV value
(see figure 3 and 4). With the lower required
separation 3NM/1000ft, the VFR evaluation yields a
more comparable  EV value (see figure 5).

Figure 5: Evaluation results for a separation
requirement of 3 NM laterally and 1000 feet

vertically

Figures 3 to 5 show that the use of additional
information in the priority determination process does

not necessarily lead to better results in terms of
efficiency. The only major increase in efficiency due
to rule complexity across all separation standards was
in the Maneuver Lateral & Level Off line (broken
line). An increase of the EV value occurs if the
velocity vector is used for priority determination and
maneuvers in the vertical direction are allowed. Using
additional information such as the differentiation
between flight phases doesn’t result in an increase of
rule efficiency for the particular situations modeled.

The average number of maneuvers used to resolve
conflicts was generally close to 1. The simulations
showed a slight but consistent increase of the average
number of maneuvers if rules suggested resolution
maneuvers in the vertical direction. The overall
evaluation value however is getting higher. The
reason once again lies in the different distances for
horizontal and vertical separation.

6  Human Factors and Rules

Despite the use of a rule structure, the human
decision-makers in the cockpit and on the ground will
form decisions based on their own internal logic.
When a human disagrees with rule-based logic, the
outcome may range from a delay in action to a
chronic loss of trust in the rules.  Mismatches
between human decisions and the rule structure may
occur in three general areas:

• Observable information.  The human may not be
able to observe the same information that is used
by the rule base, and vice versa.  For example,
the human will likely not be able to estimate
range, bearing, or altitude of another aircraft as
accurately or rapidly as an automated rule-base
system. Accordingly, the human may disagree
with the automation as far as the proper course of
action due to this mismatch in the perceived
values of the inputs to the decision.  Similarly,
the human generally has access to more
information regarding an encounter situation than
is used in the rule base.  This may include voice
communications that indicate the intentions of
another aircraft, weather, etc.  Then, a rule-based
decision may be clearly unacceptable due to a
conflict with this other information.

• Differences in decision-making logic.  Humans
are very adept at making complex judgments that
may be traceable to some form of rule structure,
yet there are also many elements of human
decision-making that cannot be represented
formally by a set of rules.  Because humans do
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not naturally follow a rigid series of rules when
making a decision, they may also have difficulty
fully understanding or predicting the behavior of
air traffic in a complex rule environment.

• Differences in the degrees of freedom of action.
A rule base is limited in the scope of actions or
outputs that it can provide.  This may involve
restrictions to only lateral maneuvers, for
example.  The human may consider other
options, though the human may also be limited as
far as the complexity of action is concerned.  A
complex rule-based suggestion may not be as
well accepted as a simple, single heading vector,
for example, solely due to the desire of the
human to limit complexity.

The result of these potential areas of conflict is that
human performance will likely place constraints on
the design of a rule base used for traffic management.
Just because a certain rule base is shown to enhance
traffic separation in ideal simulations does not
necessarily mean that the same rule base would be
acceptable to the pilot or controller.  Thus, the results
presented in this paper need to also be considered in
the light of how they may impact interactions
between the humans and the rule structure.  To be the
most effective, the rules should provide for a flexible,
rather than restrictive, structure that can adapt to the
full range of situations that may unfold during
operation.

7  Conclusions

The results of the rule evaluation using a fast-time
simulation show that higher rule complexity,
assuming a proper design, can lead to additional gains
in safety and maneuver efficiency. In the simulations,
a genetic algorithm is used to optimize rule
parameters. Additional study is required to determine
whether the rule generated by the genetic algorithm
are indeed optimal, or if other solutions may be
viable. Also the proper form of an evaluation function
is open to debate and would likely change from the
one used here to better reflect actual operating costs,
safety levels, and human preferences.

The additional gain in rule efficiency through higher
rule complexity appears to be driven mainly by the
allowance of vertical maneuvers, which, because of
separation standards, are more efficient than lateral
maneuvers.

The results also suggest that the most efficient use of
rules occurs when the information used in the rules is

matched with the information used in the resolution
maneuvers. For example, there is little if any benefit
to adding the vertical vector in the rules if only
horizontal maneuvers are allowed for resolution.
Similarly, there is a significant benefit to including
the vertical vector when using vertical resolution
maneuvers.

Explicit human interaction in the form of  human-in-
the-loop simulation was not investigated. But it is
important to note that that human acceptance of rules
to solve traffic conflicts is influenced by the
complexity of rules and their flexibility of application
related to the operational environment.

As air traffic management transitions to a more
flexible and efficient mode of operation, it will be
necessary to maintain some degree of structure and
predictability of traffic through the use of rules. These
rules play a similar role as a centralized controller by
ensuring coordination and consistency between
aircraft actions. The proper selection of rules will be
critical to balance complexity, effectiveness,
flexibility, equipment requirements, failure
robustness, and human acceptance. The study
described here represents an initial evaluation of only
one component of this important area, and further
research by the community is recommended.
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