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Summary

Airborne Conflict Resolution in Three Dimensions
Joost Ellerbroek

The advent of automation in the cockpit has greatly affected the nature of
the tasks on the flight deck, as well as requirements on the flight crew. Al-
though the introduction of automation in aircraft undeniably improved per-
formance and safety, it also increased complexity in the cockpit. In addition
to knowledge of basic flight information, pilots are nowadays also required
to keep track of how their automated systems work. This requires a coordi-
nation of tasks between automation and human actors, and a transparency
of automation that can currently not always be guaranteed.

The focus of this thesis is on the concept of airborne separation, which
is proposed as part of both European and American plans for the future
air-traffic management system. Such a system of airborne separation im-
plies either partial or full delegation of separation responsibility from the
controller to the aircrew. This should reduce workload for the controller on
the ground, and consequently increase airspace capacity, but will also lead
to a profound change on the flight deck. These plans will, in order to be
realized, have substantial consequences for the degree of automation, both
on the ground and in the cockpit.
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To assist the flight crew with the airborne separation task, current plans
propose that novel automation should be available, which provides both
conflict detection and explicit resolution advisories. The flight crew will, in
principle, only have to monitor the functioning of the automation, and select
and apply the resolutions that it provides. They will, however, still have final
responsibility for ensuring that any change of trajectory is conflict free, and
that their automation is functioning properly. Maintaining a central role
for the human operator is therefore a prominent part in all of the future
air-traffic management plans.

Because these plans emphasize a high degree of automation, it becomes
more important than ever that automation and instrumentation are transpar-
ent, and promote a high level of situation awareness. Although automation
can benefit flight safety and pilot workload, it can also reduce flight crew
involvement in the decision making process, with a reduction in situation
awareness as a result. Ironically, the introduction of such automation there-
fore hampers a pilot’s ability to properly reflect on the functioning of that
same automation. The work in this thesis therefore aimed to investigate
what information would be required for appropriate interaction between pi-
lots and airborne separation automation, and how this information should
be presented, such that it maximizes the transparency of automation and
promotes proper situation awareness for the pilot.

An important aspect with these problems of automation transparency
is that, regardless of specific implementation of any automated system, the
complexity of the system of airborne separation as a whole, as well as that of
the automated system itself, will always be directly related to the complexity
of the work domain in which the system should function. An understanding
of the work domain is therefore a prerequisite for understanding of the
automation. In the context of airborne separation, this work domain is a
complex, open system, governed by multi-dimensional and often closely
inter-related parameters for airspace users and objects, all moving relative
to each other, each trying to satisfy their own individual goals.

In this thesis it is argued that capturing the inherent work domain in-
formation in a functional representation should be the basis for automating
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the task of airborne separation. To accomplish this, a constraint-based ap-
proach, inspired by Ecological Interface Design (EID), was employed, to pro-
vide the basis for a transparent interface to automation. This method aims
to make the structure of the work domain salient, and in addition to provid-
ing a basis for automation design, should yield an interface that facilitates
transparency of automation, and should support operators in constructing
situation awareness.

A thorough analysis of the work domain preceded the interface designs
in this thesis. This analysis identified functionalities, constraints, and rela-
tionships between elements in the work domain. The Abstraction Hierarchy
(AH) was an important tool in this analysis. Its hierarchical structure, and
the emphasis on relationships and dependencies between elements on levels
and between levels, make the AH a valuable tool to determine the structure
of the work domain, and to determine what information is required for
appropriate interaction between pilots and airborne separation automation.
The transition from such a work-domain analysis to an effective interface
design, however, remains a prominent challenge in this approach. As with
any interface design method, determining an appropriate visual form does
not have a clearly defined recipe in EID. Together with continuing insights
from experiments and research, this makes that the step from a work-do-
main analysis to an effective interface design is not an instantaneous one,
but rather one where analysis, design and evaluation follow each other in
an iterative process.

The displays presented in this thesis should therefore also be seen in light
of the concepts that preceded them. They are two-dimensional displays, that
present planar projections of the own aircraft three-dimensional maneuver
space, in combination with the more traditional Horizontal and Vertical Situ-
ation Displays. These projections represent simplified, two-dimensional ver-
sions of the maneuver space. Because of this planar projection, both displays
inescapably discard information about the inevitable three-dimensionality
of the problem. The aim of the concepts in this thesis was, therefore, to find
a representation that captures as much as possible the relevant information
of the multi-dimensional separation problem.
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In order to determine how to reduce the complexity of this multi-di-
mensional problem, this thesis considered what kind of other tasks are per-
formed in the work domain. This means that aside from the task of airborne
separation itself, also the implications of interaction with existing tasks (e.g.,
path planning) were examined. The two resulting concepts take two fun-
damentally different approaches to this visualization problem. The first
concept presented an egocentric (semi-)perspective display, whereas for the
second concept a co-planar approach was followed. The final comparative
analysis between these two concepts favors the co-planar display, based on
two arguments: First, experiments presented in this thesis, as well as those
performed in other studies, showed that pilots have a strong preference for
single-axis resolution maneuvers. While this does not imply that one-dimen-
sional representations should be used, it does argue for a co-planar over
a perspective display, because only a co-planar representation provides an
undistorted view on the constraints along each axis. A second argument for
a co-planar display can be drawn from the design of each of the constraint-
based separation assistance displays. They illustrate that traffic constraints
can become complex, yet precise judgment of these constraints is valuable
for safe and efficient conflict resolution. They also illustrate that the planar
projections of the constraints show an intuitive relation with the absolute
geometry of the conflict, which benefits situation awareness.

Despite the focus on automation transparency in the design of the dis-
play concepts, in the experiments, emphasis was placed on manual conflict
resolution. The reasons for this are that in nominal conditions, evaluation
of an automation support tool would be trivial, as subjects would not be
encouraged to participate in the assessment of conflict situations. It are the
unanticipated situations where well-informed pilots, supported by good in-
terfaces, prove their worth, but these are by definition impossible to evaluate.
As an alternative, therefore, the interface concepts were evaluated as if au-
tomated resolution had already failed, and the pilots” resolution decisions
were used to give insight in how the information on the display is used
by pilots, and how it affects their situation awareness. This way, the pilots’
ability to comprehend automated resolutions is evaluated by observing how
well they make decisions themselves, based on the available information.
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The results from these evaluations show that, regardless of the limited
level of training that the participants received, they are able to use the vi-
sualizations to find efficient resolutions. Because these kinds of displays
make several complex relationships directly perceivable, they relieve pilots
from cognitive work. This transforms what would otherwise be a task that
requires knowledge-based problem solving, into a simple task of perception
and observation, where pilots can apply basic skills and predefined rules to
safely and efficiently resolve a conflict. This allows pilots to perform well,
even with a limited amount of training.

These results also show a persistent type of behavior, where after reach-
ing a conflict-free state, the majority of the subjects returned to their origi-
nal track in several small steps, following the edge of the constraint area as
closely as possible. This behavior can be attributed to showing precise con-
straints: when maneuver limits are visualized with high precision, human
operators will use that precision to maximize their efficiency. This ‘hunt-
ing’” behavior, however, in some instances also led to small judgment errors,
which in the current context can lead to losses of separation.

It has to be noted, however, that any attempt to measure the relevant com-
ponents of pilot behavior, performance, and situation awareness will always
depend on the context in which the measurements are made. Predicting
how a new interface would influence situation awareness in real-world sit-
uations, from measurements in a synthetic experimental environment, will
therefore not always produce accurate results, even when subjects in the ex-
periment are domain experts, and have been properly trained. Despite these
limitations, and the sometimes less desired pilot behavior shown in the ex-
periments, it is encouraging that with a very limited amount of training, pi-
lots are able to use the displays to become more aware of their surroundings,
and that they can use this information to perform the task of conflict reso-
lution, to optimize their maneuvers, and —-most importantly— to effectively
reason about the conflicts they encounter. It is this deeper understanding of
the work domain which will be essential for transparent interaction between
operator and automation.
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CHAPTER

Introduction

We envision information in order to reason about, communicate, doc-
ument, and preserve that knowledge — activities nearly always carried
out on two-dimensional paper and computer screen. Escaping this flat-
land and enriching the density of data displays are the essential tasks
of information design. Such escapes grow more difficult as ties of data
to our familiar three-space world weaken, and as the number of dimen-
sions increases.

— Edward R. Tufte, “Envisioning Information”, pp. 33 (1990)

The past century has been a time where technological (r)evolutions suc-
ceeded each other at an increasingly rapid pace. The aviation domain specif-
ically has seen tremendous change, with the introduction of a multitude of
electronic systems, complex automation, and multi-function interfaces on
the flight deck. In just a few decades aircraft went from push-pull rods and
analog gauges, to fly-by-wire controlled systems, with glass cockpits, and an
extensive Flight-Management System (FMS) [2-5]. An end to these changes
is not in sight.
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Especially the advent of automation in the cockpit has greatly affected
the nature of the tasks on the flight deck, as well as requirements on the
flight crew [3, 6, 7]. Although the introduction of automation in aircraft
undeniably improved performance and safety, it also increased complexity
in the cockpit. In addition to knowledge of basic flight information, pilots
are nowadays also required to keep track of how their automated systems
work. This requires a coordination of tasks between automation and human
actors, and a transparency of automation that can currently not always be
guaranteed [6, 8-14].

1-1 The future of the airspace system: unmanaged
airspace

In 2005, following similar plans in the United States [15, 16], the European
commission defined a set of high level goals for the future of the Euro-
pean airspace system that will, in order to be realized, have even more far-
reaching consequences for the degree of automation both on the ground,
and in the cockpit. These goals envision a 3-fold increase in capacity, a level
of safety performance that is increased by a factor of 10, a 10% reduction
in environmental impact, and a cost reduction for Air-Traffic Management
(ATM) services to airspace users of at least 50%. In 2007, these commit-
ments were formalized with the creation of the Single European Sky ATM
Research Joint Undertaking (SESAR-JU), a consortium of several European
air transport stakeholders [17].

The current SESAR ATM master plan, released October 2012, defines
more modest goals for 2020: a 27% increase in capacity, and an associated
improvement in safety such that the total number of accidents does not grow
despite traffic growth, a 2.8% environmental impact reduction, and a 6% re-
duction in ATM services cost [18]. The ATM master plan defines several key
features for the realization of these improvements, such as a move from fixed
airways to Trajectory-Based Operations (TBO), where aircraft can apply pre-
ferred routes that best meet their objectives, collaborative planning between
parties involved in flight management, and new technologies that provide
accurate airborne navigation and optimized spacing between aircraft.
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More rigorous plans with respect to increasing capacity are planned be-
yond 2020. These plans propose partial and full delegation of separation
responsibility from the controller to the aircrew, as a way to reduce con-
troller workload, and consequently increase airspace capacity. In case of
partial delegation, a controller would delegate separation responsibility by
transferring the corresponding separation task to the respective flight crew.
This delegated responsibility would be limited to separation between the
designated aircraft and a specific number of reference aircraft. The trans-
fer of responsibility would also be limited in duration, space, and scope,
and has to be accepted by the aircrew to whom separation responsibility
is delegated [19]. The goal of this partial delegation is to reduce controller
workload, by maintaining strategic control of the airspace for the controller,
while transferring specific factical tasks (that are consistent with the con-
troller’s strategy) to the flight deck [20, 21]. Aside from reducing controller
workload, airborne spacing and separation can also improve precision and
efficiency, as the relevant parameter (i.e., spacing or separation distance) can
be controlled directly™.

Airborne self-separation applications represent the case of full delega-
tion, where the flight crew is responsible for proper separation from all
other aircraft. There are several possible scenarios where this could be the
case: unmanaged airspace, managed airspace that is restricted to suitably
equipped aircraft, and mixed equipage managed airspace. Unmanaged air-
space can be applicable in areas with low traffic density, where the risk of
collision is sufficiently small. In mixed equipage managed airspace, some
aircraft would receive a separation service from an Air Navigation Service
Provider (ANSP), while other, suitably equipped aircraft would fly approved
trajectories, but monitor their own separation.

To assist the flight crew with the task of airborne separation, they will be
supported by novel automation that provides both conflict detection and ex-
plicit resolution advisories. The flight crew will, in principle, only have
to monitor the functioning of the automation, and select and apply the

*When managing spacing or separation, pilots have direct control over the aircraft, al-
lowing them to respond quickly to changes in the traffic situation. An air traffic controller,
however, has several aircraft to manage, and will often have less opportunities to manage
each aircraft’s spacing in detail. Also, a controller can only change the trajectory of an air-
craft by issuing a command to the respective aircrew.
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resolutions that it provides. The flight crew will, however, still be ultimately
responsible for ensuring that any change of trajectory is conflict free, and
that their automation is functioning properly. SESAR, therefore, maintains
a central role for the human operator in their future ATM plans.

1-2 Problem definition

The long-term plans for partially and fully delegated airborne separation
that are proposed in programmes such as SESAR and NextGen will intro-
duce a profound shift in the tasks and requirements on the flight crew, and
will increase complexity on the flight deck, compared to current levels. In
their new separation task, pilots will be expected to supervise a highly au-
tomated and complex system, for which even normal events are sparse (at
the current level of traffic density, on average, less than one conflict would
occur per flight* [22, 24, 25]). Although automation provides the resolutions,
pilots will ultimately remain responsible for the validity of that resolution.
They should therefore be able to monitor the proper functioning of the au-
tomation, and they should be able to intervene in case the automation fails.
In other words, pilots should be able to detect, and act upon very infrequent
situations that were not anticipated in the design of the automation.

Because current plans for airborne separation emphasize a high degree
of automation, it becomes more important than ever that automation and in-
strumentation are transparent, and promote a high level of situation aware-
ness. Although automation can benefit flight safety and pilot workload
[3, 10, 26-29], it can also reduce flight crew involvement in the decision
making process, with a reduction in situation awareness as a result. Ironi-
cally, the introduction of such automation therefore hampers a pilot’s ability
to properly reflect on the functioning of that same automation [27, 30-35].
This leads to the fundamental question of how the human actors can interact,
and share their decision-making with the automation [6, 8, 9, 11, 13, 36-38],
and what needs to be presented to optimize human performance from the

*In specific areas, with very dense traffic, this conflict rate increases to around one conflict
per hour [22, 23]. More generally, the local conflict rate (the amount of conflicts observed
from the perspective of an individual aircraft) is directly proportional to the amount of flights
within a given area, whereas the global conflict rate (as perceived by a centralized observer,
i.e., an air traffic controller) scales quadratically with increasing traffic density [22, 23].
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perspective of situation awareness [39]. These issues form the main topic for
this thesis, and the problem statement can be formulated as follows:

Problem statement

What information is required for appropriate interaction between pilots
and airborne separation automation, and how can this information be
presented such that it maximizes the transparency of automation and
proper situation awareness for the pilot?

An important aspect with these problems of automation transparency
is that, regardless of specific implementation of any automated system, the
complexity of the system of airborne separation as a whole, as well as that of
the automated system itself, will always be directly related to the complexity
of the work domain in which the system should function. An understand-
ing of the work domain is therefore a prerequisite for understanding of the
automation. In the context of airborne separation, this work domain is a
complex, open system, governed by multi-dimensional and inter-related pa-
rameters for airspace users and objects, all moving relative to each other,
each trying to satisfy their individual goals. Capturing this information in
a functional presentation should be the basis for any airborne separation
display.

1-3 Research approach

The concepts presented in this thesis employ a constraint-based approach, in-
spired by Ecological Interface Design (EID), a proven design paradigm from
the domain of process control [40, 41], to provide the basis for a transparent
interface to automation, that makes the structure of the work domain salient,
and supports operators in their buildup of situation awareness [42, 43].

EID is a method that addresses the cognitive interaction between humans
and complex socio-technical systems. Its approach to interface design gives
priority to the workers environment, or ‘ecology’, focusing on how the en-
vironment poses constraints on the worker [42, 43]. Ecological displays are
designed to allow for direct perception of the possibilities and constraints
afforded by the work domain [44, 45]. The theory behind EID puts em-
phasis on the fact that problems that cannot be anticipated in the design
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of automation are inherent to complex and open systems, and that creative
human experts therefore continue to be important resources when dealing
with these unanticipated events.

The design of an interface for airborne separation assistance will be pre-
ceded by a thorough analysis of the work domain, which should identify
functionalities, constraints, and relationships between elements in the work
domain. An important element in this analysis will be the Abstraction Hi-
erarchy (AH), developed by Rasmussen [46]. The abstraction hierarchy is a
work-domain analysis tool that presents a stratified, hierarchical description
of the workspace. Each stratum of the hierarchy represents the same system,
but on a different level of abstraction. The levels are connected by means-
end relationships between the adjacent levels. Along the vertical axis, com-
monly five levels represent the workspace at decreasing levels of abstraction,
starting at the top with the purpose(s) for which the system was designed,
all the way down to the spatial topology, properties, and appearance of the
components that make up the system on the bottom level [46, 47]. Several
studies that conducted a workspace analysis for the air transport domain
showed that dividing the horizontal dimension of the AH between items
“internal”, and “external” to the aircraft, provides a logical structure for an
abstraction hierarchy that describes this domain [48-50].

The hierarchical structure of the AH, and the emphasis on relationships
and dependencies between elements on levels and between levels, make the
AH a valuable tool to determine the structure of the work domain, and
to determine what information is required for appropriate interaction be-
tween pilots and airborne separation automation. The transition from such
a workspace analysis to an effective interface design remains a prominent
challenge in this approach. The step from a work domain analysis to an
effective design is not an instantaneous one, but rather one where analysis,
design and evaluation follow each other in an iterative process.

1-4 Research scope

The motivation for this research has its basis in the plans for the future of
the airspace as foreseen by SESAR. Many of the assumptions and limitations
on this research therefore also relate to the promises and assumptions made
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in the various stages of the SESAR ATM master plan. The most relevant
assumptions are summarized here by topic.

Air-traffic system properties: The display designs and corresponding
evaluations limit themselves to unmanaged airspace, where aircraft fly op-
timized, four-dimensional trajectories, that have been determined and coor-
dinated completely before the actual flight. To resolve traffic (or other) con-
flicts that result from uncertainties that arise during flight (e.g., bad weather,
departure delays), automated systems are in place that detect conflicts, and
provide resolution advisories to the pilot. The pilot’s task is one of monitor-
ing separation, and selecting and applying resolution advisories, provided
by the automation. They should, however, be able to intervene in case the
automation fails.

Although airborne separation has applications throughout the flight (self-
separation in unmanaged airspace during cruise, self-separation in managed
airspace, spacing applications, ...), in this research only self-separation in
unmanaged airspace is considered. Also, while future trajectories of other
aircraft (intruder intent) can significantly influence maneuver constraints,
this research will focus on tactical maneuvering, relying on current state
information.

The applicability of separation application is also such, that conflicts be-
low 60 seconds to loss of separation, and conflicts where a loss of separation
has already taken place, are not considered. Below 60 seconds, collision
avoidance systems like the Traffic Collision Avoidance System II (TCAS2)
must take over in order to prevent collision [51]. The display concepts and
experiment designs also do not consider the effects of wind. This research
acknowledges the fact that wind can affect maneuverability both in terms of
aircraft performance and relative motion, but the initial focus of the separa-
tion assistance interfaces lies purely with traffic separation, as other factors
might distract from this analysis.

Airborne automation and systems:  The premise is that an airborne sep-
aration application will be developed based principally on information re-
ceived via Automatic Dependent Surveillance — Broadcast (ADS-B), consid-
ering only the currently defined ADS-B message content [52]. It is acknowl-
edged that ADS-B will evolve during the years before airborne separation
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applications are actually implemented, but these changes will not play a role
in the current research.

Although this research is motivated by the need for a shared represen-
tation between automation and the human operator, automated conflict res-
olution itself does not feature in this research. Experimental evaluations
in this research are based on scenarios where resolution advisories are not
available, and the pilot has only the work domain visualizations to manually
resolve a conflict.

Non-nominal evaluation conditions: The traffic scenarios that will be
used in the experimental evaluations in this research mostly represent situ-
ations that would not likely occur under normal operations. Conflicts will
be on a shorter timescale, and relative orientations are not necessarily rep-
resentative of commonly occurring conflicts. Instead, conflicts are designed
to provide measurable results, and sometimes also to elicit specific behav-
ior. System malfunctions and emergency situations are not considered in
the current research.
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Figure 1.1: Structure of this thesis. In this diagram, each rectangle represents a chapter,
each circle represents an appendix. Chapters are sorted chronologically in horizontal
direction, and are vertically separated in two parts, where chapters in Part | discuss
display designs, and chapters in Part |l describe experiments and their results. Chapters
in the middle section all correspond to papers that are either published, or submitted.
The arrows represent research paths.
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1-5 Thesis outline

This thesis consists of eight chapters, shown in chronological order in Fig-
ure 1.1. All chapters, except for Chapter 1 (Introduction), Chapter 2 (Back-
ground), and Chapter 8 (Discussion), consist of papers that have either been
published or submitted. The content of these chapters corresponds directly
with the content of the original papers. The titles of the chapters, however,
have been adapted to emphasize the structure of the thesis. The chapters are
ordered in two parts: The first part considers the interface designs that re-
sulted from this research, the second part covers the evaluation experiments.
Figure 1.1 also shows two research paths. Here, the top path represents the
main research path of new display designs and their evaluation. The second
path represents an additional research direction that was performed in this
work (coordination in manual conflict resolution). Each chapter is preceded
by a short introduction, that illustrates how it is related to the overall re-
search, and, when applicable, a publication summary, stating the original
title of the work, the co-authors, and further publication details.

Chapter 2: Background  This chapter provides a summary of the con-
straint-based separation assistance display concepts that either preceded, or
were developed alongside the concepts in this thesis. The first horizontal
and vertical display concepts are discussed, as well as methods to visualize
the influence of maneuver dynamics and intruder intent. It also gives a brief
overview of related research performed by others, and illustrates how their
work relates to the work presented in this thesis.

Chapter 3: Constant-velocity conflict resolution  This chapter presents
a separation assistance display concept that presents traffic constraints in a
‘heading - flight-path angle action space’. A pilot preference for constant-
velocity maneuvers motivated this choice of design. The resulting display
resembles a Primary-Flight Display, with overlays for flight-path vector con-
straints, and conflict geometry visualization. A work-domain analysis is
included in the chapter which was used to identify the constraints and inter-
actions that define traffic conflict resolution in a heading - flight-path angle
action space.

Chapter 4: Co-planar representation of 3-D constraints  This chapter de-
scribes a concept for a co-planar airborne separation display. The decision
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for a co-planar display is a departure from the aim of the concept described
in Chapter 3, which was to create a single, integrated presentation of the
three-dimensional constraints. This chapter therefore describes the motiva-
tion for this design change, before presenting the visualization methods and
the resulting display concept. The co-planar display concept presents speed,
heading, and altitude action possibilities in two planar projections of the
three-dimensional maneuver action space. The display also provides visu-
alizations of the interactions between these planes of projection, as well as
methods to improve the visual momentum across displays.

Chapter 5: Evaluation of the co-planar concept  This chapter presents the
results from two experiments that were conducted to evaluate the co-planar
display concept introduced in Chapter 4. In both experiments, the co-planar
display concept is compared with a display that is very similar, but lacks
the visualization of the interaction between projection planes. The first ex-
periment concerns an active conflict resolution task, that investigates how
operator performance and behavior are influenced by the visualization. The
second experiment consisted of a passive situation awareness assessment.
Together, these experiments cover each of the three main categories of situ-
ation awareness measures: Explicit, implicit, as well as subjective methods
are used to assess situation awareness.

Chapter 6: Implicit coordination in manual conflict resolution = Most of
the concepts that preceded this research, as well as the concepts presented in
this thesis, are evaluated one way or another, with a number of professional
pilot subjects, who are asked to resolve conflicts with simulated traffic. Be-
cause conflicts are resolved in a decentralized fashion, however, coordination
between actors in each conflict is no longer trivial, especially when manual
conflict resolution is concerned. This chapter, therefore, describes an ex-
periment that evaluates the horizontal separation assistance display concept
described in Chapter 2, in a set of conflict scenarios where all aircraft in each
conflict were controlled by actual pilots.

Chapter 7: Fast-time simulations of manual conflict resolution  This
chapter presents the results of a fast-time batch simulation study, that inves-
tigated emergent features of conflict detection and resolution in unmanaged
airspace. This simulation study is a follow-up of the experiment described
in Chapter 6. Because the particular measures employed in this experiment
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required sample group sizes that well exceed a practical experiment setup,
a simulation study can be used as a way to extrapolate findings to larger
sample sizes.

Chapter 8: Discussion and conclusions  This chapter combines results
and conclusions from each of the preceding chapters. It aims to obtain an
overarching view on the challenges of designing a situation awareness tool
for airborne separation, and to illustrate how the concepts developed in
this thesis face up to complex, real-world applications. This chapter also
discusses the difficulties of evaluating tools designed to be used by experts,
especially those created for domains that do not yet exist.
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CHAPTER

Background

This chapter provides a summary of the constraint-based separation as-
sistance display concepts that either preceded, or were developed along-
side the concepts in this thesis. The first horizontal and vertical display
concepts are discussed, as well as methods to visualize the influence of
maneuver dynamics and intruder intent. It also gives a brief overview
of related research performed by others, and illustrates how their work
relates to the work presented in this thesis.
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2-1 Introduction

The concepts presented in this thesis can be considered a part of a line of
research that has been active (on and off) since nearly fifteen years. As a
response to the proposed system of ‘Free Flight’, which aimed* to increase
efficiency through deregulation of certain parts of the airspace, initial work
focused on obtaining a functional model of unmanaged airspace [1-3]. Such
a functional model should reveal structure, functions and relationships that
are otherwise hidden in the complexity of the system, and can be applied in
the design of operator support systems (displays, but also automation, both
airborne and ground-based), and in the definition of structure and rules of
the unmanaged airspace system as a whole.

(a) (b)

(£

maximum
velocity

traveler 1
velocity

minimum
velocity

Figure 2.1: Permissible velocities for travelers in unmanaged airspace. The left figure
(a) indicates the permissible relative velocities for traveler 2. In the right figure (b), this
is transformed to permissible absolute travel speeds for traveler 2. (Adapted from van
Paassen (1999) [1]).

Figure 2.1(a) gives a functional presentation of how the affordances of a
part of airspace are affected by the proximity of an obstacle [1]. It shows
how locomotion affordances are affected by obstacles (both stationary and
moving), in terms of the motion relative to that obstacle. Figure 2.1(b) shows
that affordances for the absolute velocity of the traveler can be obtained
through vector summation of the area of inadmissible velocities and the
velocity of the intruding traveler. This representation turned out to be the

*The concept of Free Flight has, since then, undergone several changes, including its
name. In this thesis, the more general term ‘unmanaged airspace” will be used instead.
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basis for several concepts that were developed in the following fifteen years,
including those presented in this thesis.

The first display concept based on this model was in the form of a hor-
izontal separation assistance display, which was based on a Boeing Naviga-
tion Display (ND). Later iterations added compensation for non-instant turn
dynamics [4, 5], own aircraft and intruder intent [4, 6], and a concept for a
vertical separation assistance display [7]. The remainder of this chapter will
illustrate these design concepts.

480 480
e TRK MAG

09

Q°

AA387 +42 nm

—-20.0

AA386
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Figure 2.2: The horizontal separation assistance display is based on a classical horizontal
situation display, with an added separation assistance overlay (at the bottom of this figure).
The overlay provides a functional presentation of the affordances for aircraft airspeed
and track angle using a horizontal projection of the three-dimensional velocity-vector
affordance space (Taken from Ellerbroek et al. [8]).

2-2 The horizontal separation assistance display

The horizontal separation assistance display is the first practical display im-
plementation that employed the functional model introduced by van Paassen
(1999) [1, 5]. Figure 2.2 gives an impression of the display concept, which
is based on a classical horizontal situation display. The aim of this concept
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is to provide a meaningful, integrated representation of separation-related
information in the horizontal plane. This is achieved by combining the ex-
isting spatial representation of airspace elements, with a velocity action space,
that relates own aircraft velocity and heading to several relevant constraints.

Figure 2.3: The State-Vector Envelope is a vector space that represents combinations
of velocity (V') and heading (i) that can be obtained by ownship. The minimum (Vi)
and maximum (Vj,x) obtainable airspeed constraints give it its ring-shaped appearance.

This action space, referred to as the State-Vector Envelope (SVE), is es-
sentially a vector space that contains all possible velocity vectors (i.e., all
combinations of velocity and heading). The boundaries of this action space
are determined by the aircraft performance limits, see Figure 2.3. The air-
craft minimum and maximum operating speeds result in the concentric cir-
cular boundaries of the horizontal SVE. A horizontal situation display in
expanded mode (as in Figure 2.2) does not show traffic behind the own air-
craft. To match this mode, the horizontal state-vector envelope also shows
only solutions with |Ax| < 90°. Current horizontal situation displays also
have modes that show the situation behind the ownship. In such a mode, the
horizontal state-vector envelope would be shown as a whole circle, similar
to the representation in Figure 2.1(b).

Figure 2.4 shows how the traffic separation constraints can be expressed
in a velocity space. In this figure, V,, represents the motion of ownship,
relative to the intruder aircraft:

Vrel - Vown - Vint

The figure also shows that when the relative path of ownship intersects with
the minimum separation circle, separation will eventually be lost, with a
minimum separation of dcps. It can also be seen that the area between the
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two lines tangent to the intruder separation circle represents an instanta-
neous, complete set of relative velocities that result in an eventual loss of
separation. This area is referred to as a forbidden area, or FA.

Vm/

Van

int
dcp

L

own
I Vrel

Figure 2.4: Traffic separation constraints can be expressed in a velocity action space,
through observation of the relative motion between two aircraft. All relative paths of
ownship, that intersect with the separation circle of the intruder aircraft, eventually lead
to a loss of separation. Hence, the area between the two lines tangent to the intruder
separation circle represents an instantaneous, complete set of conflicting relative velocities.
In this figure, own is the observed aircraft, and int the intruder. V,yy, is the observed
aircraft velocity vector, Vj,; is the intruder velocity vector, V,,; is the relative velocity
vector, and dcpa is the distance at the closest point of approach.

A disadvantage of this relative velocity representation, however, is that
it is hard for pilots to relate a velocity constraint zone expressed in relative
space, to the affordances for control of their own aircraft in absolute space.
The relation between the relative and absolute space can be made visible by
translating the forbidden area and relative velocity vector by the intruder
velocity vector. This would be equivalent to adding V;,; on both sides of
the equal sign in Equation (2.1): the equation is still valid, but the relation
between the ownship velocity vector and the relative velocity forbidden area
is made explicit.

2-3 The influence of turn dynamics on horizontal
constraints
The wvelocity space visualization of the horizontal separation assistance dis-

play reveals horizontal maneuver options, under the assumption that ma-
neuver dynamics and duration can be neglected. For short-term conflicts
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Vsol,l

Xrel 0 .

Figure 2.5: Heading maneuver solutions in  Figure 2.6: Corrected forbidden area legs
a traffic conflict. derived from extrapolated relative positions.

this assumption is no longer valid, and maneuver duration needs to be taken
into account [9]. Compensating maneuver dynamics was therefore the focus
of the succeeding design iteration of the horizontal separation display.

The resulting modified concept compensates for turn duration by calcu-
lating the forbidden area legs at time f.,; + ts,. Here, 4, is the maneuver
duration for the heading solution that corresponds to the respective forbid-
den area leg, see Figure 2.5. Depending on the airspeed and the relative
position of the intruder, zero, one or two heading solutions can lie along
each forbidden area leg. The smallest heading change solution is taken for
each leg to obtain a turn duration [10]:

gAY AP Vs

turn — ~ 0 T T . .

P g-tan¢

Figure 2.6 shows how the resulting turn durations are used to extrapolate
new relative positions. These relative positions are then used to calculate
corrected orientations for the corresponding forbidden area legs.

This leg correction is slightly overestimated, as the extrapolation of the
new relative position assumes that the relative velocity vector does not
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change. Because the resolution maneuver moves the relative velocity vec-
tor towards the forbidden area leg, the angular expansion rate of that leg
is reduced, and the leg position at the end of the maneuver will be less
expanded than initially calculated. A more precise leg position could be
derived by iteratively calculating new leg positions and corresponding turn
durations. In the modified separation assistance display, however, the lack
of precision is used as an added margin.

(a)

AGC,

/

(b)

AC,

()

/

ACy

T T T

/' AC, /' AC, —ac,

Figure 2.7: The influence of intruder intent on horizontal maneuvering constraints. (a):
The initial track of aircraft AC;, does not create a conflict with aircraft AC,. (b): When
ACy, initiates a turn, a conflict is created with AC,. Without information about the
target state of aircraft AC;, (depicted in (c)), the pilot of AC, does not know whether
an evasive maneuver is required to remain sufficiently separated.

2-4 The influence of intent on horizontal constraints

The previously described concept for a horizontal separation assistance dis-
play employs only the current states of ownship and intruders to derive
constraints imposed by other traffic on ownship maneuvering. This method
requires the assumption that ownship and intruder state remain constant in
the near future. When this is not the case, the affordance space will change
as a function of space and time due to Trajectory Change Points (TCP), and
other changes of state or intent, see Figure 2.7. Several studies have illus-
trated methods to visualize intent in the forbidden areas [6, 11, 12]. Each of
these methods makes use of the fact that the dimension along the bisector of
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trcp = tcpa

trcp = tpz

Figure 2.8: Forbidden area division using Figure 2.9: Forbidden area division using
constant time to closest point of approach. constant time to loss of separation.

the triangular forbidden area is related to the time at which the closest point
of approach with the respective intruder will occur, with the triangle origin
representing fcpy = c0. A change in state at t = t7cp will therefore result
in a change in the forbidden area at the point where tcps = trcp. The state
change at t = trcp causes the triangular forbidden area based on the current
intruder state to become invalid for trcp < t < o, i.e., the part nearer to the
tip of the triangle no longer represents accurate constraints.

2-4-1 Separation methods for pre- and post-TCP constraints

The visualization methods in [6, 11, 12] provide two methods to select the
useful part of the forbidden area. Figure 2.8 illustrates the method used by
van Dam et al. [6]. In this method, a set of relative velocities is constructed
that lead to a time to closest point of approach that is less than, or equal
to the time left for the intruder to reach the trajectory change point. All
relative velocity vectors outside this area (the shaded circle in Figure 2.8),
but inside the forbidden area will lead to a loss of separation before the
intruder reaches the trajectory change point. This part of the forbidden area
therefore corresponds to valid constraints, and should be maintained in the
visualization.
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The second method, elaborated by Hermes et al. [11] and Mercado-
Velasco et al. [12], uses time to loss of separation to select the valid part
of the forbidden area, see Figure 2.9. This method looks at circles around
points of time to collision ¢, (points along the bisector of the forbidden area),
that are tangent to both forbidden area legs. The relative velocity vectors
at points in this circle correspond with relative positions with respect to in-
truder at the same points in the protected zone circle, for t = f.. The points
along the leading edge of the velocity circle (indicated with a thick line in
Figure 2.9) therefore correspond to relative velocities that result in a loss of
separation at t = t.. Hence, the velocity circle around ¢t = trcp can be used
to select the relevant part of the respective forbidden area.

int

int'

Vint,post “ own
Vint,pre

Figure 2.10: Derivation of post-TCP constraints. Here, int is the intruder at the current
position, int’ is the intruder at the virtual position. Vint,pre is the pre-TCP intruder
velocity, and Vi post is the post-TCP intruder velocity.

2-4-2 Calculation of post-TCP constraints

The post-TCP constraints can be derived by constructing a virtual position
of the intruder along the target (post-TCP) track. These virtual points are
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placed at such a distance from the start of the actual track, that this ‘virtual
intruder” is at the same distance in time from the TCP compared to the
actual position of the intruder, see Figure 2.10. The forbidden area for this
‘virtual intruder’ then gives the current-time constraints for the future (post-
TCP) track of the intruder. This forbidden area can be combined with the
current-state forbidden area using one of the two methods described above.
Corrections of the forbidden area for intermediate states in the turn can be
constructed using additional virtual intruders at virtual tracks tangent to
the arc of the turn.
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Figure 2.11: The vertical separation assistance display is based on a vertical situation
display, with an added separation assistance overlay. Similar to the horizontal concept,
the overlay provides a functional presentation of the affordances for aircraft airspeed
and flight-path angle using a side-view projection of the three-dimensional velocity-vector
affordance space (Taken from Ellerbroek et al. [13]).

2-5 The vertical separation assistance display

For the vertical separation assistance display concept, the same principles of
the functional model for horizontal travel have been applied to a side-view
projection of the traffic situation. This results in a similar combination of a
spatial representation of the airspace elements, with a velocity action space,
which in this case combines traffic and performance constraints on vertical
maneuvering.
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Tmax

Tm

Figure 2.12: The vertical State-Vector Envelope is a vector space that represents com-
binations of velocity (V) and flightpath angle (7y) that can be obtained by ownship. It
is constrained by the minimum (Vi) and maximum (V};4x) obtainable airspeeds. Air-
craft performance with maximum (Tyax) and minimum (Tj,;;,) thrust settings determine
maximum steady climb and descent, respectively.

The vertical action space shows the affordances for vertical maneuver-
ing in terms of airspeed and vertical speed, see Figure 2.12. Similar to its
horizontal counterpart, the boundaries of this action space are determined
by aircraft performance limits. The vertical edges result from the limits on
aircraft airspeed. The minimum speed line can refer to the stall speed of
the aircraft, or the minimum operating speed, but the visualization can also
show a combination of these speeds. Similarly, the maximum speed line can
refer to the never-exceed speed, but also the maximum operating speed, or
a combination.

The curved edge at the top of the action space visualizes the maximum
obtainable steady climb at each velocity. These climb angles are achieved
with maximum throttle settings. Depending on the phase of flight, these set-
tings represent Maximum Takeoff Thrust (MTO), Maximum Climb Thrust
(MCL), or Maximum Continuous Thrust (MCT). The relationship between
the flight-path angle and the engine thrust is obtained by dividing the
amount of excess thrust by the weight of the aircraft [10]:

.. T-D

siny = ——
The bottom edge indicates steady descent at idle thrust for each velocity.
For the initial concept of the vertical separation display, it was assumed that
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idle thrust corresponds to ‘unpowered’ or ‘gliding” flight, where T equals
0. The descent angles for each velocity can then be obtained by solving the
following polynomial for < [10]:

2 (W / S) PssLO
It should be noted that in reality there is still a certain amount of thrust at
idle throttle, which should be taken into account when determining steady
maximum descent.
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Figure 2.13: Traffic constraints on vertical maneuvering can also be expressed in a
velocity action space, through observation of the relative vertical motion. When viewed
from the side, the intruder protected zone appears rectangular. The area between the
two lines tangent to the outside corners of the intruder protected zone represents an
instantaneous, complete set of conflicting relative velocities. In this figure, own is the
observed aircraft, and inf the intruder. V,y, is the observed aircraft velocity vector, V;,;;
is the intruder velocity vector, and V,,; is the relative velocity vector.

Figure 2.13 shows how the constraints on vertical maneuvering, as im-
posed by other traffic, can be constructed from the conflict geometry. When
viewed from the side, the intruder protected zone appears as a rectangu-
lar area, 10 nmi wide, and 2,000 feet high. Similar to the horizontal traffic
constraints, a triangular forbidden area can be constructed by observing that
the area between two lines tangent to the far corners of the intruder pro-
tected zone corresponds to the set of vertical relative velocity vectors that
result in a conflict between ownship and the respective intruder. As with
the forbidden areas in the horizontal separation assistance display, the verti-
cal forbidden areas are also translated by the intruder velocity vector in the
final visualization. This way, the constraints can be directly related to own-
ship maneuvers, and constraints from multiple intruders combine visually
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to reveal resolution options that simultaneously solve all detected conflicts,
without creating a new conflict with other (detected) traffic.

Figure 2.14: The Battenberg course indicator (Taken from OU 5274: Remarks on
Handling Ships (1934)).

2-6 Related work: Relative travel constraints

The concepts for relative travel visualization used in this study are not new.
Already in 1892, Prince Louis of Battenberg, then naval advisor in the British
Navy, invented the Battenberg Course Indicator, a mechanical device that al-
lowed seamen to investigate relative orientation and motion between ships,
see Figure 2.14 [15, 16]. By manipulating a set of bars and sliders, the device
can be used to visually perform vector summations, to determine missing
angles and lengths in distance and speed triangles*. More recent work also
presents visualizations similar to the horizontal display concept presented
in Section 2-2, that have been developed as collision avoidance aids for mar-
itime navigation [17-19].

*Consider, for instance, a situation where you want to converge on a specific bearing
with another ship, and that you know your own speed, and the speed and bearing of the
other ship. In this situation, the course indicator can be used to determine the required
course, and the resulting closing speed, i.e., the two missing parameters in the triangle of
your own velocity vector, the velocity vector of the other ship, and the relative velocity vector.
This triangle is essentially what you construct on the course indicator.
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In the field of robotics there have also been several (parallel) investiga-
tions on what is now commonly called the velocity obstacle theory. Compara-
ble to the forbidden areas in this study, a velocity obstacle represents the set
of velocities for an actor that will result in a collision with a moving obsta-
cle within a certain timespan, under the assumption that the motion of that
obstacle is constant [20-22]. These studies consider horizontal motion only.
One of the studies combines the velocity obstacles with own maneuvering
constraints [21], similar to the internal constraints that are visualized in the
concepts in this thesis.

2-7 Related work: Separation display concepts

Although most current research on airborne separation assistance systems
focuses on the development of automated systems that assist pilots with the
separation task [23-27], there are also several display concepts have been
developed as aids in the task of self-separation [28-34]. There are two dis-
tinct types of conflict representation that are used in these displays: a spatial
representation, which is similar to traditional situation displays, and a ma-
neuver-space representation, i.e., visualizing how proximate traffic limits
ownship maneuverability in terms of airspeed, heading, and vertical speed.
Some displays use only one of these representations, others combine them.
A second distinctive factor between displays is whether they show explicit
(automated) commands, maneuvering constraints, or a combination of both.

The remainder of this section will discuss five displays. The expected
miss-distance display [33] and the non-veridical maneuver space display
[34] are both maneuver-space representations. The Predictive ASAS display
[30] combines a maneuver-space representation with a spatial representation.
The final two displays provide only spatial representations.

2-7-1 Expected miss-distance display

A display format proposed by Gates et al. [33] (see Figure 2.15) presents
collision avoidance contours that resemble the display concept presented in
Chapter 3. Despite the similarity between Gates” display and the display
in Chapter 3, the contours in Gates” display describe a different property
of the conflict. Instead of the ‘velocity obstacle’ approach of the current
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Figure 2.15: Collision avoidance display showing contours of expected miss-distance,
adapted from Gates et al. [33]. The values along the horizontal and vertical axes are
azimuth and zenith angles of the projection, respectively. The values in the figure are
time to closest point of approach in seconds, and expected miss distance in feet x1,000.
The square shows the line of sight to the relevant aircraft, with the relative distance in
feet x1,000.

study, Gates’ proposed format considers contours of equal (three-dimen-
sional) Expected Miss-Distance (EMD). With this method, the contour for
an expected miss-distance of 5 nautical miles would be equal to the contour
of the flight-path vector constraints in the concept presented in Chapter 3.
Intruder relative bearing is indicated with a hollow square. The size of this
square corresponds to the distance between ownship and intruder.

The main difference between Gates” display concept and the concept pre-
sented in Chapter 3, however, lies in the applicable timescale. The EMD
display is presented as a collision avoidance display, and therefore aimed at
short-term conflicts, whereas the concepts presented in this thesis are aimed
at airborne separation, which considers medium to long-term conflicts. This
difference is visible in the way information is presented on each display. By
showing contours of expected miss-distance, Gates” display reveals maneu-
vers that maximize separation to avoid a mid-air collision. The separation



32 Chapter 2

assistance concepts, on the other hand, emphasize time to loss of separation,
to allow pilots to judge conflicts based on urgency. In terms of expected
miss-distance the separation assistance displays only differentiate between
values below and values above the minimum separation constraint (i.e., in-
side or outside the forbidden areas, respectively). The exact value of the
expected miss-distance within the separation minimum, here, is less impor-
tant, as long as there is still enough time to maneuver out of a conflict.

Figure 2.16: Separation assistance display concept that shows a discrete, three-dimen-
sional maneuver space using translucent cubes to represent conflicting states. Adapted
from Knecht [34].

2-7-2  Non-veridical maneuver space display

Figure 2.16 shows a display concept by Knecht [34], which also has simi-
larities to the concepts in this thesis. His display concept shows a three-di-
mensional maneuver space, that is segmented in translucent ‘cubes’. Each
cube represents an individual maneuver (i.e., one discrete combination of au-
topilot settings velocity, heading, and vertical speed). Colored cubes represent
conflicting maneuvers, hence selecting a clear cube ensures a conflict-free ve-
locity vector. The fact that each maneuver is visualized with a three-dimen-
sional cube makes this display concept highly non-veridical, which makes
it difficult to pair constraints with the intruder aircraft that cause these con-
straints. It also makes it difficult to predict how a conflict will evolve over
time, and how a situation will change when an evasive maneuver is made.
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The impact of the high non-veridicality of the display is one of the main
aspects that Knecht tried to investigate in the experimental evaluations of
this concept.

Even though this display shows constraints which allow pilots to inves-
tigate their own maneuver strategies, the fact that the shape of these con-
straints is not predictable, and that the display does not show how con-
straints relate to the intruding aircraft that cause these constraints, makes
this concept less suitable as a situation awareness tool. This is also the main
factor that sets this concept apart from the work presented in this thesis.

CRZ IAST ALT HDG AP GS 391 21 30
AT 22000 TAS 391
"0gan
/)))’M\ b sco0
- I \

3001 10 =——t— 10 [ \ ~ ]

e e e i el 9
1 I b

2601

I o 4o 22500

M.647 STD

Figure 2.17: The P-ASAS display. Heading constraints are shown in bands along the
compass rose on a navigation display. On the primary flight display, velocity constraint
bands are added to the speed tape, and vertical speed constraint bands are added to the
vertical speed indicator. Figure adapted from Hoekstra [30].

2-7-3 Predictive ASAS

The Predictive ASAS (P-ASAS) display was designed as an addition to an au-
tomated conflict detection and resolution system, to correct for deficiencies
found in the initial evaluation of this automated system [25, 30]. It added
bands of conflicting heading, speed, and vertical rate, to the navigation dis-
play, and the speed tape and vertical speed indicator on the primary flight
display, respectively, see Figure 2.17. These bands represent predictions for
each maneuver possibility whether this maneuver would result in a loss of
separation. Each (potential) conflict can correspond with at most one band
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on the speed tape and vertical speed indicator, and with at most two bands
on the heading compass. Color coding is used to indicate the urgency for
each of these bands. The final P-ASAS concept combines this display with
the existing automated conflict detection and resolution system.

own

Figure 2.18: Relation between the forbidden areas and the heading bands of the P-ASAS
display, for horizontal conflicts. By observing circular sets of velocity vectors for varying
values of airspeed, it can be seen that the horizontal forbidden area is a combination of
heading bands for all possible values of ownship airspeed.

Figure 2.18 shows how the horizontal bands in the P-ASAS display re-
late to the horizontal forbidden areas in Section 2-2, when both aircraft are
flying level at the same altitude*. The figure illustrates that a horizontal
forbidden area can be seen as a set of heading bands for all possible values
of ownship airspeed. What the forbidden areas therefore add, compared
to the bands on the P-ASAS display, is that they show how velocity and
heading constraints (for the horizontal FAs) interact, i.e., how constraints in
one dimension vary, when the other parameter is varied. A problem that
was acknowledged for the P-ASAS bands, is that it is often difficult to pair
constraint bands with their respective intruder aircraft symbols, especially

*Vertical maneuvering and a vertical offset between aircraft in a conflict can result in
smaller horizontal constraints, an effect that is taken into account in the calculation of the
constraint bands in the P-ASAS display. This effect will be explained further in Chapter 4.
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when multiple constraint bands overlap [30]. The forbidden areas, however,
have several properties that increase visual momentum between constraints
and aircraft symbols, such as the apex of a forbidden area, which represents
the intruder velocity vector, and the bisector of the forbidden area, which
corresponds to the relative bearing of the intruder, with respect to ownship.

own

Vrel

Figure 2.19: Relation between the geometrically optimal solution that is apparent in
the horizontal forbidden areas, and the solution that is provided by the Modified Voltage
Potential method. The geometrically optimal solution (V,p) is perpendicular to the
nearest forbidden area boundary. The MVP-provided solution (Vi) is perpendicular to
the initial relative path.

The resolution advisory method used in the P-ASAS system, the Modi-
tied Voltage Potential (MVP) method, uses the predicted future position of
both ownship and the intruder aircraft at the closest point of approach, to
derive resolution advisories. In this method, avoidance maneuvers are calcu-
lated as the vectors starting at the future position of the ownship and ending
at the edge of the intruder’s protected zone, divided by the time to loss of
separation, in the direction of the minimum distance vector (i.e., the vec-
tor from the predicted intruder position to the predicted ownship position).
The resulting maneuver vector is analogous to the repulsive force between
similarly charged particles, hence the name of the method.

Figure 2.19 shows how the solution provided by the MVP method com-
pares to the geometrically optimal solution that is visually apparent in the



Figure 2.20: The HIPS display. Top: Heading constraints are shown as an overlay on
a traditional radar display. Bottom: Two additional displays show constraints for speed

and altitude, on a speed-time and altitude-time display, respectively. Figures taken from
Meckiff and Gibbs [28].
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forbidden area representation. The geometrically optimal solution is per-
pendicular to the nearest forbidden area boundary, and therefore results in
the shortest way out of the conflict. The MVP-provided solution, however,
is perpendicular to the initial relative path, and will therefore result in a
slightly larger path deviation.

2-7-4 The HIPS display

Although the Highly Interactive Problem Solver (HIPS) display was designed
as an Air Traffic Controller de-conflicting tool, there are similarities with the
concepts in this thesis. The HIPS display combines three two-dimensional
graphical representations of aircraft conflicts, that present temporal ‘no-go’
zones for a chosen subject aircraft [28]. Controllers can manipulate trajecto-
ries to avoid these no-go zones, and resolve a conflict.

The display includes three different projections: a horizontal projection,
which can be combined with a traditional radar display, a speed-time pro-
jection, and an altitude-time projection, see Figure 2.20*. These constraint
projections show which values for each parameter will result in a loss of
separation, as well as when this loss of separation will occur. On the speed
and altitude displays this is shown explicitly on the time axis, on the head-
ing display the current speed is used to calculate at what distance a loss of
separation occurs along the own track. Note, though, that each of these con-
straint zones is only valid when the other two parameters are kept constant.

Compared to the forbidden area concepts in this thesis, the HIPS display
does not reveal interactions of constraints between maneuver parameters,
but instead gives more detail in the starting time and duration of a loss of
separation. For the forbidden areas, the time until loss of separation is vi-
sualized in three discrete levels of color coding. The duration of a conflict
is not directly perceivable, but can be determined to some extent from the
angle between the relative velocity vector and the bisector of the forbidden
area. This angle also gives more detail on the severity of a possible loss of
separation, as it relates directly to the expected miss-distance. This informa-
tion is not directly perceivable from the no-go zones of the HIPS display.

*A concept very similar to the horizontal projections in the HIPS display has also been
developed as a cockpit display [35]. This concept presents constant-speed no-go zones on
the navigation display, in combination with the heading bands from the P-ASAS display.



Figure 2.21: Relation between the forbidden areas and the no-go zones of the HIPS
display. The extrapolated flight paths of the heading solutions that can be derived from
the forbidden area mark the extremes of the spatial no-go zones along the intruder track.
For each flight path in between these heading solutions, the intersections between the
corresponding relative path and the edges of the intruder protected zone, extrapolate
along the intruder trajectory to mark the thickness of the spatial no-go zone.
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Figure 2.21 shows how the horizontal no-go zones of the HIPS display
relate to the horizontal forbidden areas in Section 2-2. The heading solutions
for a given conflict can be derived from the horizontal forbidden area by
observing the intersections between the circular set of velocity vectors with
constant magnitude, and the forbidden area. The absolute ownship tracks
for each heading solution mark the boundaries of the no-go zone along
the intruder track. For each of the conflicting headings, the corresponding
relative track shows where ownship enters and exits the intruder protected
zone. These entry and exit points can be projected along the intruder track,
which gives the width of the no-go area. Depending on the amount of
heading solutions on the circular set of velocity vectors, there can be zero (0-
1 intersections), one (2-3 intersections), or two (4 intersections) no-go zones,
as constraints for a single intruder.
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Figure 2.22: Three-dimensional cockpit situation display. This display presents traffic,
weather, and terrain in a reconfigurable situation display. The pilot can select two-dimen-
sional top and side views, as well as isometric and perspective views that can be panned,
zoomed, and rotated. Figure taken from Battiste et al. [32].
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2-7-5 The 3-D Cockpit Situation Display

The three-dimensional Cockpit Situation Display (CSD) in Figure 2.22 is a
reconfigurable situation display developed at NASA Ames [29, 31, 32]. The
display presents traffic, weather, and terrain information in an adjustable
view. Pilots can select two-dimensional views, as well as isometric and per-
spective three-dimensional views, that can be panned, zoomed, and rotated.
The display is intended as a primary tool for interaction with the flight man-
agement system, and automated conflict resolution systems. Conflicts are
indicated by changing the color of the ownship symbol, and the respective
intruder aircraft symbol. For more urgent conflicts, also the ‘brightness’ (a
halo is shown around the respective aircraft symbol) of both aircraft sym-
bols is increased, and the predicted conflict position can be presented with
overlapping separation circles along the ownship and intruder track.

The pilot can interact with the display using a mouse or a touchpad, to
change settings of the display, and to interact with the automation. The flight
plan can be changed by adding or modifying waypoints in a list, where the
changes can be reviewed graphically on the display. Existing waypoints can
also be modified by selecting and dragging the waypoint on the display. For
traffic conflicts, an automated list of explicit resolutions, sorted by efficiency,
is presented to the pilot [36]. Pilots can either select one of these resolutions,
or make a custom modification to the flight plan, to resolve the conflict. In
the latter case, pilots can either change their flight plan, or deviate from the
flight plan by selecting heading and speed on the autopilot Mode Control
Panel (MCP). If the flight plan is modified, the Route Analysis Tool (RAT)
can be used to “probe” for possible conflicts along the modified trajectory.
In case of an evasive maneuver using the autopilot, a comparable ‘vector
probe’ is used to probe for conflicts along an arbitrary heading. Both probes
operate through on-line Monte Carlo simulations of surrounding traffic [31].

Although these probes do allow pilots to investigate alternatives to the
maneuvers advised by the automation, they do so in a way that can be
unpredictable, i.e., pilots can only see whether an alternate course is conflict-
free when they select it. Figure 2.23 illustrates this issue: it shows that
when only a visualization of the predicted conflict is provided, it is not
immediately clear what magnitude of a particular maneuver would suffice
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Figure 2.23: Possible result of a conflict probe. It can be seen that even when ownship
maneuvers clear of the area of the original conflict, other sets of trajectories may exist that
also result in a conflict with the same intruder. These sets are not necessarily contiguous.

to solve the conflict, or if there is a conflict-free trajectory available at all, in
the direction in which the pilot is investigating.

2-8 Discussion

The separation assistance displays that preceded the concepts in this the-
sis, presented in the first five paragraphs of this chapter, are all forms of
maneuver-space visualizations, combined with a spatial representation of
the airspace. These displays visualize how elements in the work domain
restrict the maneuverability of the own vehicle, and, due to the combination
with a spatial representation, maintain an intuitive overview of the structure
of the surrounding airspace.
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The other concepts that have been presented as potential displays of traf-
tic information make different decisions about which representations should
be employed. Whereas a few concepts do incorporate some form of con-
straint visualization, others combine only a plain spatial representation with
an automated conflict detection and resolution system, which provides the
aircrew with explicit commands.

An oft-made argument for such explicit command displays is that they
suffer relatively little from display clutter, and that the presentation of ex-
plicit commands reduces workload. In addition, automation has the poten-
tial of providing the most efficient and consistent conflict resolution options.
The most important drawback of displays that show only explicit resolution
commands, however, is that they hide the rationale behind the automation.
These displays do not support human information seeking, and, in case of
automation malfunction, the pilot is not supported in recognizing failure,
nor in seeking alternatives. In these situations, performance can even be
worse than when completely unaided [37].

Constraint displays, on the other hand, give a continuous view on ma-
neuver options and limitations, which allow pilots to evaluate their resolu-
tion maneuvers. Depending on how constraints are visualized, these dis-
plays can reveal the structure of, and relations within the work domain, and
can therefore provide a useful basis for illustrating automation logic. By
showing higher level information and relations, these displays also allow
pilots to investigate the validity of the data. An important drawback of con-
straint displays is that they can result in more display clutter, compared to
showing only explicit commands. According to Tufte’s views on the use of
details (“To clarify, add detail”), however, this is not necessarily a drawback
for a well-designed display [38].

Within the current constraint-based separation assistance displays, a fur-
ther distinction can be made between those that present state-based con-
straints, such as the P-ASAS display, the maneuver-space display, and the
concepts in this thesis, and those that give a spatial or temporal represen-
tation of constraints, such as the HIPS display. Where the state-based con-
straint displays provide a one-to-one mapping between constraints and the
aircraft’'s maneuver parameters, temporal representations of constraints pro-
vide more information regarding where in space, and when a conflict will
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occur, as well as the duration of the conflict. Compared to the concepts in
this thesis, this additional information comes at the cost of (amongst others)
not showing the interactions between maneuver parameters.

The remainder of this thesis will argue for a state-based constraint visual-
ization, such as it is used in the preceding horizontal and vertical separation
assistance displays, because it shows the relevant separation information
in such a way that the structure of, and relations within the work domain
are also visualized. A work-domain analysis (Chapter 3) is used to iden-
tify this structure, and key relationships within the work domain. These
properties invariably form the premise on which both automation and the
human operator should base their actions. A display that helps pilots gain
a deeper understanding of the functions and relations within the work do-
main [39—41], will therefore be invaluable to pilots when they need to judge
the automation’s functioning [37], as well as in situations where they have
to rely on their own problem-solving skills to resolve a conflict.
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CHAPTER

Constant-velocity conflict resolution

This chapter presents a separation assistance display concept that presents
traffic constraints in a ‘heading - flight-path angle action space’. A pi-
lot preference for constant-velocity maneuvers motivated this choice of
design. The resulting display resembles a Primary-Flight Display, with
overlays for flight-path vector constraints, and conflict geometry visu-
alization. A work-domain analysis is included in the chapter which
was used to identify the constraints and interactions that define traffic
conflict resolution in a heading - flight-path angle action space.
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Abstract:  In the context of the NextGen and SESAR future airspace programimes,
this paper describes a concept for an Airborne Separation Assistance (ASAS) dis-
play, that is designed to aid pilots in their task of self-separation, by visualizing
the possibilities for conflict resolution that the airspace provides. This work is part
of an ongoing research towards an ecological design of a separation assistance in-
terface that can present all the relevant properties of the spatio-temporal separation
problem. A work-domain analysis is described from which several perspective pro-
jections of traffic properties and travel constraints are derived. A display concept
is proposed that presents heading and altitude action possibilities in a flight-path
angle - track angle action space. Key issues in the current design are discussed,
with recommendations for future work.

3-1 Introduction

In today’s airspace, increasing amounts of traffic are pushing the limits of
capacity and safety. To facilitate continuing growth, new air-traffic manage-
ment concepts are under development, which allow a more flexible use of
airspace [1, 2]. These new concepts promote a shift towards airborne deter-
mination of user-preferred trajectories, where airspace capacity is expected
to increase, while controller workload decreases. However, with this shift
of the separation task to the flight deck, it is expected that pilots will need
assistance to perform this task safely and efficiently.

The development of a support system requires a thorough analysis of
what level of automation is required to meet with the overall system de-
mands of safety, capacity and efficiency of flight. Crucial in this analysis
will be the question of how these tasks should be allocated between hu-
mans and automation, and how the human actors can interact, and share
their decision-making with the automation [3-5]. The interaction between
automation and the human actor also requires transparent functioning of
the automated system. The interface should provide operators with infor-
mation regarding their own performance, as well as that of the automation,
so that operators’ self-confidence and trust correspond with the capabilities
of the system, and promote appropriate use of automation [6-8].

Although several display concepts have been developed as aids in the
task of self-separation [9-13], most current research on Airborne Separation
Assurance Systems (ASAS) focuses on the development of automated sys-
tems that assist pilots with the separation task [11, 14-17]. Generally, these
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systems provide the pilot with explicit, ‘ready-to-use’ resolutions to a separa-
tion conflict. Although they lead to lower pilot workload [18], these systems
also hide the cognition behind the resolution advisory [19]. Without addi-
tional information, such systems may lead to low situation awareness (SA):
the pilot is not fully aware anymore of exactly what is going on, and is un-
able to reason about the functioning of the automation, and other constraints
and relationships within the environment under control [20-22]. This may
lead to inappropriate reliance on the automation, which can have a signifi-
cant impact on the overall levels of safety and efficiency. Under-reliance may
lead to situations where the pilot prefers manual control over an automated
(valid) resolution, leading to higher operator workload, and a possible re-
duction in performance and safety. On the other hand, over-reliance may
cause pilots to use the automation in ways for which it was not designed, or
to accept resolutions even when the automation is in error [6, 23].

In the air transport domain, lack of situation awareness is currently con-
sidered to be one of the the main causes for human error, responsible for
at least seventy percent of the incidents and accidents that occur [24]. As
airborne separation systems move towards more automation, it will become
more important than ever that automation and instrumentation promote a
high level of situation awareness. This leads to the fundamental question
of ‘what” needs to be presented to optimize human performance from the
perspective of situation awareness [25]. In other words, how does one de-
sign for situation awareness? The work presented in this paper will employ
a constraint-based approach, inspired by Ecological Interface Design (EID),
a proven design paradigm from the domain of process control [26, 27], to
design for SA [28, 29].

EID is a method that addresses the cognitive interaction between humans
and complex socio-technical systems. Its approach to interface design gives
priority to the workers environment, or ‘ecology’, focusing on how the en-
vironment poses constraints on the worker [28, 29]. Ecological displays are
designed to allow for direct perception of the possibilities and constraints
afforded by the work domain [30, 31]. This way, EID aims to support each
level of cognitive control [32], while not forcing the operator to control at
a higher level than necessary. By visualizing hidden constraints and rela-
tionships, ecological interfaces can transform what would otherwise be a
cognitive task, into a perceptual task.
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An ecological airborne separation assistance display then, should sup-
port pilot decision making in the task of self-separation, rather than only
providing an automated resolution. In the domain of process control, EID
had the freedom to define a new interface for the operator. For air travel,
however, pilots already make use of an existing, natural ecology (i.e., the
ecology of locomotion). The key in designing an airborne separation sup-
port tool will be to not replace, but to enhance this existing ecology, by
visualizing hidden affordances*, and exploiting the operator’s natural adap-
tation to the ecology [34-39].

Preceding the design of an ecological display, a thorough analysis of
the work domain is required, which should identify functionalities, con-
straints, and means-end relationships within that work domain. The main
tools for this analysis are the Abstraction Hierarchy (AH), and the Skills,
Rules, Knowledge taxonomy (SRK), both developed by Rasmussen [32, 40].
To make the transition from a workspace analysis to an effective interface
design, functional visualizations of the affordances and constraints in the
work domain need to be derived, so that they can be perceived and fluently
transformed into goal-directed behavior, supporting the natural coupling
between perception and action [41, 42].

This paper presents the results of a work-domain analysis of a self-sepa-
ration airspace, and a concept for a separation assistance display. The analy-
sis employs tools such as the Abstraction Hierarchy to obtain a clear image
of how the work-domain shapes the affordances for a pilot in his task of self-
separation. The display concept is the third in an ongoing design process to-
wards an integrated, three-dimensional separation assistance interface, that
presents an unambiguous, complete view of the airspace affordances, in an
unmanaged traffic environment. The two previous concepts, the horizon-
tal separation assistance display [38], and the vertical separation assistance
display [39], presented maneuvering affordances in a heading-speed, and a
flight-path angle (FPA) - speed action space, respectively. In a comparable
fashion, the current concept will present maneuvering affordances in a FPA
- track angle action space.

*James J. Gibson defined affordances as opportunities for action, provided by an object
or by the environment. An affordance is considered always in relation to the actor, and
therefore dependent on the actor’s capabilities [30, 33]. For instance, with respect to an
engine, air affords propulsion, but with respect to a wing, air affords lift.
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The paper is structured as follows: the following two sections will, re-
spectively, present the results of a work-domain analysis, and illustrate the
construction of functional visualizations of the constraints that followed
from this analysis. The fourth section will introduce a concept of a separa-
tion assistance interface. The fifth section describes how the display concept
can be used in more complex conflict situations. This paper concludes with
a discussion on the key issues of the current display concept, with recom-
mendations for future work.

3-2 Work Domain Analysis for airborne separation

The work domain under analysis in this study is limited to Trajectory-Based
Operations (TBO) with self-separation. These operations involve trajectory
(re-)planning on the flight-deck, in order to assure conflict-free flight in un-
managed, i.e., self-separated airspace. In the currently proposed future air-
space concepts, the preferable mode of operation is one where automated 4D
trajectory prediction and control are applied throughout the flight [2, 17, 43].

In this situation, the pilot’s task will be one of monitoring separation,
and selecting and applying resolution advisories, provided by the automa-
tion. The pilot should, however, be able to judge the fidelity of a proposed
resolution, and be able to intervene in case the automation fails. Good situa-
tion awareness is therefore of paramount importance, and, in this study the
Abstraction Hierarchy (AH) will be employed to determine the relevant as-
pects of the work domain on several levels of abstraction. It will also serve
to illustrate how the constraints and affordances on the different levels of
abstraction interact with each other.

The abstraction hierarchy is a work-domain analysis tool that presents
a stratified, hierarchical description of the workspace. Each stratum of the
hierarchy represents the same system, but on a different level of abstraction.
The levels are connected by means-end relationships between the adjacent
levels. Along the vertical axis, commonly five levels represent the workspace
at decreasing levels of abstraction, starting at the top with the purpose(s) for
which the system was designed, all the way down to the spatial topology,
properties, and appearance of the components that make up the system on
the bottom level [40, 44]. In previous studies on a workspace analysis for
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the air transport domain, it showed that dividing the horizontal dimension
of the AH between items ‘internal’, and ‘external” to the ownship, provides
a logical structure for an AH that describes this domain [35, 36, 45].

“Internal” “External”
>
i 1
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Abstract Energy "
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Figure 3.1: Abstraction Hierarchy for the Separation Assistance Display. The analysis
presented in this paper focuses on three functional goals. These goals, and the relevant
means-ends relationships between levels have been highlighted in three groups in the
hierarchy: (1) Productivity, (1) Efficiency, and (I1) Safety.

3-2-1 An Abstraction Hierarchy for airborne separation

Figure 3.1 shows an abstraction hierarchy for the workspace relevant to TBO
and self-separation. In this hierarchy, the most relevant goals have been
highlighted, along with the corresponding means-ends relationships. In the
AH, these goals are defined at the functional purpose level. In the case of
ASAS self-separation applications, these are flying safely, productively, com-
fortably and efficiently through unmanaged airspace. For this analysis, it
is assumed that safety can be assured by maintaining sufficient separation
from potentially hazardous objects, such as other aircraft and terrain. In
the current context, this means adhering to the defined separation minima
between aircraft [46]. While they are relevant for assuring safe flight, is-
sues such as staying within the flight envelope are kept out of the analysis.
Although more complex in reality, in this paper it is defined that work is
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considered productive, as long as the distance to the destination is decreas-
ing. For flight in general, comfort poses constraints such as upper limits on
maneuver accelerations. The realization of efficiency is much more compli-
cated, however, as it can be defined in many ways, such as fuel efficiency, or
minimum path deviation. These constraints are therefore beyond the scope
of this paper.

The abstract function level describes the underlying relationships that
govern the realization of the purposes of the system. In the case of air travel,
this level contains the general physical laws that dictate flight, absolute and
relative locomotion, and the geometrical properties of the separation prob-
lem [45]. Although for aircraft that follow a pre-defined, four-dimensional
path, aircraft intent can influence the constraints that are derived on this
level, the current study will only employ the current states to derive these
constraints. Previous studies did incorporate the effect of intent on maneu-
ver affordances [47], however, this is beyond the scope of the current study.

The generalized function level describes how the functions at the abstract
function level are achieved, independent of the actual implementation of the
system. Properties such as aircraft weight, lift, thrust and drag, and the ma-
neuvering performance of the aircraft all impose internal constraints on the
maneuver space of an aircraft. External obstructions further constrain this
maneuver space, and dictate the (lack of) separation. On the bottom of the
abstraction hierarchy, the physical form and functions are described by mod-
eling the internal layout of aircraft components, and external airspace prop-
erties such as other traffic, weather, and terrain. The physical function level
describes the various components, and their capabilities, and at the physical
form level the appearance and location of components, the airspace, and
other aircraft are described. The relevant internal and external constraints
which can be derived from this abstraction hierarchy will be described in
more detail below.

In this paper, the workspace content and boundaries are limited to trajec-
tory planning functions in direct relation with conflict resolution and preven-
tion during cruise flight. Functions related to aircraft control and stability,
like staying within the flight envelope, and accounting for passenger com-
fort, are largely kept out of the analysis. The time horizon in which the
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workspace is analyzed is determined by the applicability of conflict manage-
ment, and is approximately between 60 seconds and 10-20 minutes. Below
60 seconds, collision avoidance systems like the Traffic Collision Avoidance
System II (TCAS II) must take over in order to prevent collision [48]. An up-
per threshold of 20 minutes is chosen because the vast majority of conflict
resolution and recovery maneuvers take place in less than 20 minutes [17].

The scope of the current research is also restricted to the visualization
of constraints that relate to tactical maneuvering, influences of ownship and
intruder intent [47] are beyond the scope of this paper.

3-2-2 Internal constraints

The internal aircraft constraints that are relevant for this work domain anal-
ysis are mainly described on the abstract function and the generalized func-
tion levels of the work domain model. They relate to the various limita-
tions on the performance of the aircraft, such as bank limits, turn dynamics,
available engine power, stall, structural considerations, buffet characteristics,
and requirements on emissions and passenger comfort. These limitations re-
sult in several constraints relevant to the task of trajectory planning, such
as maximum turn rates, maximum and minimum operating speeds, fastest
and steepest steady climb and descent, and the steepest steady climbing and
descending turn.

Another important, although not directly perceivable constraining factor
is the energy state of the aircraft: For an aircraft, speed and altitude share
the same energy space. The mechanism that underlies the coordination of
the controls, is the management of the aircraft’s energy state (abstract func-
tion level, Figure 3.1). Speed and altitude are directly related to the kinetic
and potential energy of the aircraft. The total amount of energy is deter-
mined by the throttle, whereas the elevator is used to control the exchange
of kinetic and potential energy. The total energy state of an aircraft essen-
tially determines the affordances for maneuvering in terms of speed and
altitude [34, 36]. Together, these internal constraints determine the part of
the airspace that is reachable within a certain timespan.
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3-2-3 External constraints

In unmanaged airspace, the reachable area that was defined by the inter-
nal aircraft constraints is further constrained by external factors, such as
weather, terrain, other traffic, and the boundaries of the unmanaged air-
space. In this analysis, the focus lies on the constraints imposed by other
traffic. Traffic constraints are shaped by a minimum horizontal and verti-
cal separation between any two aircraft, that should be adhered to at all
times. With common values of 5 nautical miles horizontal, and 1,000 feet
vertical separation, this results in a three-dimensional Protected Zone (PZ): A
flat, three-dimensional disc around each aircraft, that should remain clear of
other traffic, see Figure 3.2 [49, 50].

Intrusion of this space is referred to as a loss of separation. A conflict
is defined as a future loss of separation, within a certain observation times-
pan (e.g., 5 minutes). In Figure 3.3, a traffic conflict is illustrated from the
perspective of ownship. This and subsequent figures depict a conflict situa-
tion between the ownship and one intruder aircraft. Although the principles
presented in this analysis also hold for multiple intruder aircraft [38], this
paper only uses single intruder conflict situations to illustrate the proposed
concept, for the sake of clarity. In Figure 3.3, the ownship is flying with
velocity Vyu,, and will eventually lose separation with the intruder aircraft,
if no further action is taken. The point where separation is at a minimum is
called the Closest Point of Approach (CPA). It can be seen that even when
the ownship turns away from the conflict location, resulting in V., in Fig-
ure 3.3, separation can still be lost.

2,000 ft |

Figure 3.2: The Protected Zone is defined as a disc-shaped area around each aircraft
that should remain clear of other traffic.
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AN Vint

intruder

PZint

Figure 3.3: A future loss of separation. It can be seen that even when ownship maneuvers
around the area of the original conflict, separation can still be lost.

This adverse effect can be eliminated by examining the conflict situation
in a relative velocity field [38, 39, 42]. Under the assumption that intruder
and ownship state remain unchanged in the near future, a conflict can be
predicted using the speed of ownship, relative to the intruder aircraft:

Vrel - Vown - Vint

Figure 3.4 shows a conflict in the relative velocity field. When the line ex-
tended from the relative velocity vector crosses the intruder protected zone,
a loss of separation will occur in the near future. By drawing lines through
the ownship position, that are tangent to the intruder PZ, a three-dimen-
sional wedge-shaped area can be defined, which marks the constraints that
other traffic imposes on ownship relative motion with respect to an intruder
aircraft (Figure 3.4).



Constant-velocity conflict resolution 61

PZint

Figure 3.4: A conflict situation expressed in a relative velocity field. Ownship and
intruder are in conflict when the line that extends from the relative velocity vector crosses
the intruder PZ. The wedge shape indicates the instantaneous set of constraints for the
relative velocity vector.

Unlike the absolute, spatial representation in Figure 3.3, this representa-
tion only varies as a function of time (i.e., the wedge will expand as a func-
tion of the closing speed of the intruder aircraft, with respect to ownship).
This means that for the current time, the three-dimensional wedge shape
represents the complete set of relative velocity vectors that would result in
a loss of separation.

3-3 Functional presentation of constraints

Although a work-domain analysis provides insight in the structure and con-
tent of the work domain, it still requires a translation of this analysis into
a practical interface design. Functional presentations of constraints and re-
lations in a system should formulate the behavior of that system in terms
that are relevant to achieving its ends. For trajectory planning, this implies
that the goal-relevant affordances must be visualized in such a way, that the
pilot’s perception of these cues directly triggers desired goal-directed steer-
ing actions. A visualization is required that not only is compatible with the
various identified constraints, but should also be able to reveal the relations
between these constraints.

In the context of airborne separation, the behavior of the system is highly
complex, as it is governed by the multi-variable, non-linear dynamics of
several aircraft, moving relative to each other. Because such a system has
too many degrees of freedom to combine in a usable interface, a different
description is required. This description should relate inputs that match
common flight practice, to the goals and affordances of the system. In cruise
flight, pilots control their aircraft by manipulating velocity, track angle, and
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altitude settings, using the autopilot, or by modifying the planned route in
the Flight Management System. A successful separation assistance interface
should relate these variables and their operational limits to the affordances
of the airspace.

3-3-1 Traffic constraints

Figure 3.3 already illustrated that presenting conflicts in absolute space is
problematic: The closest point of approach is not constant, as it depends
on the relative motion of two aircraft. It changes as a function of ownship
and intruder velocity and heading. Therefore, steering away from a conflict
based on the presentation in Figure 3.3 will also move the CPA, and might
not resolve the conflict at all. In other words, although a conflict presenta-
tion like the one in Figure 3.3 provides the pilot with a visualization of the
affordance of ‘conflict’, it does not show the affordance of ‘avoidance’, and
is therefore an unsuitable conflict avoidance representation [38].

With the design of a horizontal and a vertical separation assistance dis-
play, previous studies illustrated that the affordance of avoidance can be
consistently represented in a relative velocity field [38, 39] (Figure 3.4). A
disadvantageous aspect of the relative velocity field, however, is that it is
hard for pilots to relate their affordances of control in absolute space, to a
velocity constraint zone expressed in relative space. In previous research, van
Dam [38] showed that this relation can be made visible, by translating the
constraint zone and relative velocity vector by the intruder velocity vector,
as shown in Figure 3.5. This would be equivalent to adding V;,; on both
sides of the equal sign in Equation (3.1): the equation is still valid, but in the
visualization (Figure 3.5), the relation between the ownship velocity vector
and the relative velocity constraint zone is made explicit.

The three-dimensional area in Figure 3.5 represents the instantaneous
constraints that the intruder position and velocity vector impose on the af-
fordances for ownship locomotion (identifying the means-end relationship
between obstruction on the generalized function level, and locomotion and
separation on the abstract function level of the AH). It not only reveals the
individual affordances for ownship velocity, Flight-Path Angle (FPA), and
track angle, but also the interaction between the constraints of these three
locomotion variables.
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Vrel

VOZUH

Figure 3.5: Constraints on ownship velocity, expressed in an absolute velocity field.
Ownship and intruder are in conflict when the tip of the ownship velocity vector is inside
the three-dimensional constraint wedge.

Vint

For the visualization of the three-dimensional workspace on a two-di-
mensional screen, two options can be distinguished: perspective displays
and co-planar displays, each with their own benefits and drawbacks. A co-
planar display corresponds more closely to the interfaces that are already
present in the current flight-deck, whereas perspective displays have been
found to have more “pictorial realism”: they correspond more closely to the
three-dimensional world [51, 52]. A drawback of co-planar displays in the
current context is that some of the information on the interaction between
locomotion constraints is lost, when these constraints are presented using
separate horizontal and vertical projections. Perspective displays, on the
other hand, suffer from perspective distortions, which can induce errors in
judging distances on the display [53, 54]. The presentation of 3D structures
such as the constraint zones also suffers from problems of occlusion: when
viewed from a fixed angle, the front facing side of the structure hides the
internal details of the structure.

Earlier designs of separation assistance displays reduced the complex-
ity of the problem by relating several key controllable variables to a planar
projection of the three-dimensional conflict situation. For instance, the hori-
zontal separation assistance display presents the affordances for aircraft air-
speed and track using a horizontal projection of the conflict situation [38],
whereas the vertical separation assistance display relates airspeed and ver-
tical speed to a vertical projection of the constraints [39]. An often heard
comment from professional airline pilots, in the evaluation of these previ-
ous designs, was, that while it featured as a valid and equal option in both
displays, velocity changes are rarely used when resolving a conflict [50, 55].
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Based on this feedback, this study investigates a cylindrical projection of an
FPA-track angle action space, which will be derived using spherical cutting
planes based on constant velocity. The remainder of this section will discuss
the applied projection method, and the derivation of affordance zones using
the spherical cutting planes, respectively.

Projecting constraint areas onto a 2D display

According to Gibson, a (human) observer perceives the three-dimensional
world as an optic array of solid visual angles, that correspond to distinct
geometrical parts of the environment [30]. A perspective projection, such
as the Synthetic Vision Display (SVD), can be regarded as a window (with
a limited field of view) to this optic array. For such projections, the station
point (the apex of the perspective projection) [53] corresponds to the point
of observation, and horizontal and vertical coordinates in the projection cor-
respond to the horizontal and vertical visual angles, respectively [37].

When the goal of the interface is to present the affordances of the complete
surrounding airspace, the field of view of an SVD becomes a limiting factor.
An ideal method should employ the egocentric natural perspective of an
SVD, but in a way that is not restricted to its limited field of view. Several
options can be considered. For instance, a section of the display could act as
a ‘rear-view-mirror’, to visualize the environment behind the observer. This
method, however, would essentially still result in a co-planar representation.

The current concept will therefore use an approach, where the relation
between the visual angles and the screen coordinates is defined using an
equidistant cylindrical projection, with a horizontal visual angle range of
¢ € [—180°,180°], and a vertical visual angle range range of 6 € [—90°,90°].
This projection results in a single, continuous presentation of the entire sur-
roundings, which directly relates horizontal and vertical visual angles, to
horizontal (x) and vertical (y) screen coordinates, respectively:

x=0,y=¢

This method of projection results in size and shape distortions for large
vertical visual angles. However, the influence of this effect on the perception
of the relevant combined internal and external constraints can be considered
small, as the flight-path angle o will never be very large for commercial
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aircraft. For sake of clarity of the presented affordance cues, the line of
sight of the projection is aligned with the current aircraft ground-track, but
is stationary with respect to roll and pitch angles of the aircraft, keeping
vertical angle offset 6 fixed. This results in an earth-referenced, ‘outside-in’
representation of the surroundings, as opposed to the more classical inside-
out presentation employed in the current Primary Flight Display (PFD), and
the SVD [56].

In the current concept, this projection method will be employed to project
two affordance cues onto a wide-screen display that presents the airspace
affordances in an FPA-track angle action space. The derivation of these
cues will be described below. The first visualization provides the ownship
flight-path vector constraints. The second visualization is constructed to
inform the pilot on the geometry of each individual conflict. It visualizes
relative intruder position and movement, and the urgency of a conflict. The
derivations below will employ a virtual projection spherical surface, cen-
tered around ownship at an (arbitrary) distance, D,,,; (see e.g., Figure 3.6),
to illustrate the projections.

Ownship velocity direct constraints

The first projection is based on an intersection between the three-dimen-
sional constraint zone (Figure 3.5) and a spherical cutting plane with the
current ownship velocity magnitude as radius, see Figure 3.6. Based on pi-
lot feedback that expressed a preference against the use of speed changes
when resolving conflicts, it is assumed at this stage that velocity is kept con-
stant. Future design iterations will investigate what exactly can be done in
order to include a visualization of the effects of changes in ownship velocity.

Figure 3.6 gives an example of how a spherical shell, with a radius of con-
stant ownship velocity would intersect with the 3D constraint wedge from
Figure 3.5. The resulting area, S,wn, is marked in light-grey in Figure 3.6.
The next step is then to project this constraint area on the perspective sphere
described in the previous section, see Figure 3.6. The resulting projection,
S!on, Shows the constraints for the ownship Flight-Path Vector (FPV), that

are imposed by the intruder’s relative position and motion, for the current
velocity of ownship. Note that the constraint areas from multiple intruder
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5 —I=.
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Figure 3.6: The flight-path vector constraint at constant ownship velocity, Sown, is given
by the intersection between a spherical shell, with a radius of constant ownship velocity,
and the three-dimensional FPV constraint zone. Projection of this constraint area yields
the visualization of the flight-path vector constraints, S},

aircraft can be combined, in order to obtain a complete, instantaneous FPV
action space, that addresses all current (possible) conflicts [38].

A display format was proposed by Gates et al. [57], that presents col-
lision avoidance contours that resemble the flight-path vector avoidance
contours in the current study. Although the contours presented here and
the display presented by Gates et al look similar, they describe a different
property of the conflict. The current study distinguishes between horizontal
and vertical separation minima, and incorporates these in a visualization of
flight-path vector affordances based on constant velocity. Gates” proposed
format, however, does not directly consider visualization of affordances, but
rather displays contours of equal (three-dimensional ) Expected Miss-Dis-
tance (EMD).

Figure 3.7 shows several shapes that the two-dimensional projection of
the flight-path vector constraint area can take. Figure 3.7(a) shows the result
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Figure 3.7: Some examples of the projected flight-path vector constraint. (a): Basic
example of a conflict, where the intruder crosses at an acute angle. (b): Velocity sphere
intersecting wedge twice (Vi; > Vown). (€): Intruder overtaking ownship, at a higher
flight level.

of the example projection from Figures 3.4-3.6. In this case, the intruder
aircraft is situated to the right of ownship, flying at the same altitude. If
ownship is flying level, ownship and intruder will eventually lose separa-
tion if no further action is taken. Figure 3.7(b) shows a situation where
the ownship velocity-sphere intersects the constraint-wedge twice. This can
happen when an intruder is flying at a greater velocity than ownship, and
intruder and ownship’s tracks will be crossing sharply (Ayp ~ 90°). Fig-
ure 3.7(c) shows a situation where an intruder is overtaking ownship from
directly behind, flying at a higher altitude. Because the intruder is close to
ownship, almost all climbing maneuvers would lead to a loss of separation.

Conflict geometry projection

While the flight-path vector constraint projection performs well at present-
ing constraints that the pilot can directly relate to the locomotion affordances
of the aircraft, it does not show the specifics of each conflict: it is difficult
to determine which intruder is causing a conflict, and how such a conflict
would evolve. A second projection is constructed, therefore, to illustrate the
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geometry of individual conflicts. It combines a projection of intruder rela-
tive velocity constraints, and of the intruder protected zone, using the same
projection surface as was used for the flight-path vector constraint zone.

The relative velocity constraints can be obtained using the intersection
of a sphere, with its radius equal to the magnitude of the relative velocity
vector Vi int = Vint — Vown, and the three-dimensional wedge shape from
Figure 3.8. The resulting shape, indicated as S, ;,; in Figure 3.8, represents
all velocities with equal magnitude of the intruder relative to ownship that
correspond with possible future loss of separation. Next, this area is pro-
jected onto the projection sphere described in Section 3-3-1, together with
the current relative speed, V, iy, and the contour of the intruder PZ, see
Figure 3.8.

In this figure, V', . . is the projected relative velocity vector, S/, . , is the

projection of the relative velocity constraint area, and PZ/  is the projection
of the protected zone of the intruder. In the two-dimensional presentation
on the display, the location on the display of each of these combined projec-
tions illustrates the direction of the line-of-sight to the respective intruder.
The altitude difference between ownship and the intruder is further empha-
sized by the curvature of the projected intruder PZ. The curvature in this
projection is caused by the circular shape of the protected zone, and changes
as a function of the vertical position of the intruder, relative to the ownship.
Together with the projection of the relative velocity vector, V},,; ., the con-
straint area Sy, ;. gives an indication of how a possible conflict would evolve.
If the projection of the relative speed vector lies within constraint area S/, ; .,
the intruder and ownship are in conflict. The direction of V), . . indicates
how ownship and the intruder will pass each other, whereas its 1,:>roximity to
the boundary of the constraint area shows how closely they will pass each
other. Furthermore, with respect to the size of the intruder’s projected PZ,
the size of the relative velocity constraint zone can be used as an indication

for the closing rate between intruder and ownship.

As a result of the projection onto the projection sphere of the relative
velocity vector, it is no longer distinguishable whether V,,; ;,; is aimed to-
wards, or away from ownship. To resolve this ambiguity on the display, four
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Figure 3.8: Projection of the relative intruder velocity constraints (S;el’im), the relative

intruder velocity vector (V7 . ,), and of the protected zone geometry (PZ; ), result in
the visualization of the ‘puck’.

lines are drawn from the boundaries of the puck towards the tip of the rela-
tive velocity vector, when V,,; ;,; is aimed towards ownship. These lines are
absent when V,,; ;,;; is aimed away from ownship.
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Figure 3.9: Some examples of the ‘puck’. (a): An intruder passing safely behind and
over ownship. (b): An intruder overtaking ownship.



70 Chapter 3

The two-dimensional presentation of this projection results in a (ice-
hockey) puck-like shape. Figure 3.9 shows two examples of what this “puck’
may look like, for different situations. In Figure 3.9(a), an intruder is flying
in front of, and to the right of ownship, at a higher altitude than ownship.
The projected relative velocity vector points outside of the relative velocity
constraint zone, indicating that ownship and intruder are not in conflict.
The direction of the relative velocity vector reveals that the intruder will
eventually pass behind and above ownship, if neither aircraft maneuvers.

In Figure 3.9(b), the intruder is flying behind ownship, on the same
course, but at a higher velocity. The relative velocity vector is such that
it points directly at ownship, and therefore is located in the center of the
‘puck’. This means that in this situation a collision would occur, if no fur-
ther action is taken. Note that when both the ownship as well as the intruder
aircraft are equipped with the same interface, their representations would
be very similar: the appearance of the “puck” would be identical, only at a
different location on the screen.

Note that the current derivations of the puck and the flight-path vector
avoidance zone assume instant state changes. It can be shown that this is a
safe assumption when a predicted conflict is still in the far future [58, 59].
However, maneuver dynamics will start to play a larger role when conflicts
become more imminent: in the case of tactical maneuvers (within 10 minutes
of a predicted conflict), unmodeled dynamics will cause significant errors,
particularly speed maneuvers [58]. To compensate for these inaccuracies, fu-
ture iterations of the interface concept will incorporate maneuver dynamics
in the presentation of airspace affordances.

3-3-2 Production and maneuvering constraints

For the horizontal separation assistance display concept, productivity was
considered in terms of destination approximation, which for the projection
in the horizontal separation assistance display translated into relative track
angle constraints of £90° around the desired track [38]. For the current
concept these limits can also be marked on the display. It is further assumed
that altitude change resolutions do not affect the production goal, as the
horizontal trajectory is maintained, and delays caused by vertical maneuvers
are minimal.
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Figure 3.10: The interface design concept showing the example situation. The separa-
tion assistance elements numbered in this figure are: @: heading production constraints,
9: flight-path vector, ©: energy angle, @: steepest steady climb/descent, ®: the ‘puck’,
®: FPV constraint zone, and @: intruder flight-path vector.

The constraints for vertical maneuvering have been described intensively
in [37]. For the current application, the climb and glide performance are con-
sidered at a constant airspeed. While potential - kinetic energy exchanges
might indeed form interesting maneuvering possibilities for conflict resolu-
tion, they are beyond the scope of the current study.

Climbing and gliding constraints at a constant airspeed can be deter-
mined as a function of the maximum thrust, the glide ratio (or aerodynamic
efficiency), and the roll angle. At a given altitude, these constraints translate
into a maximum and a minimum flight-path angle 7. In an angular projec-
tion such as described in Section 3-3-1, these constraints can be indicated
with lines of constant vertical visual angle.

In order to perform a steady climb or descent, a pilot has to manage the
energy state of the aircraft. More precisely, he/she has to keep the kinetic
energy rate to zero, and the potential energy such, that it matches the desired
flight-path angle. In previous work, Amelink [34] described how the total
energy rate of an aircraft can be expressed as a total energy angle, yg. When
shown in conjunction with the flight-path angle, 7, the total energy angle
also reveals the individual kinetic and potential energy rates to the pilot.
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3-4 The display concept

Figure 3.10 illustrates the first design prototype of the separation assurance
interface, which presents the separation assistance display elements intro-
duced in the previous section, on an equidistant cylindrical projection of the
airspace surrounding ownship.

3-4-1 Elements of the display

In this concept, the horizontal axis represents the full track angle range,
+180 degrees, and behaves like a compass. This means that when ownship
changes heading, the separation elements on the display shift horizontally,
corresponding to the change in heading. The production constraints from
the work-domain analysis are visualized by indicating the +90 degree limits
with vertical lines @. The vertical axis of the current concept presents the
vertical visual angle, in an earth-fixed frame of reference, ranging from —90
to 90 degrees.

Vertical ownship maneuvers are visualized with the vertical offset of the
flight-path vector symbol @, from the center-line of the display. Together
with the flight-path angle, the energy angle is shown as well ©, i.e., the
flight-path the pilot can select to realize a steady climb or descent. The
steepest steady climb and descent for the current velocity are shown with the
dashed lines @. Together, they relate to the function of energy management,
and with the constraints they relate to the safety goal.

Intruder aircraft that are in conflict with ownship, or can get into conflict
with ownship within the prediction horizon, are shown using the puck @.
For each intruder aircraft within detection range, one puck is shown on
the interface. The center of the puck represents the line of sight to the
intruder. The arrow and its four lines indicate the direction and (projected)
magnitude of the relative velocity of the intruder. When the lines are present
the intruder is moving towards ownship, when they are absent the intruder
is moving away from ownship. The size of the puck depends on the distance
to the ownship (smaller is further away).

The shaded area in the puck represents the constraints for the velocity of
the intruder, relative to ownship. If the tip of the relative velocity vector is
located inside this area, and has the four lines attached, a loss of separation



Constant-velocity conflict resolution 73

will occur within the look-ahead horizon. The puck primarily relates to
the safety goal, and shows relations between obstruction (motion), relative
motion, and separation from the AH.

Constraints on ownship flight-path vector are shown with a shaded area
0. Note that this area is only valid for the current speed. Conflict urgency
can be indicated by (locally) varying the color of the flight-path constraint
area. In case of multiple intruders, constraint areas can be combined. In sit-
uations where areas with different conflict urgency levels overlap, the color
of the shaded area is determined based on the highest urgency. ® shows
the affordance of conflict, as well as the affordance of avoidance, and relates
to the safety goal, as well as to the efficiency goal (through the shortest way
out principle [38]). Intruder flight-path vectors are shown as dots on the dis-
play @. Moving the ownship flight-path vector towards one of these dots to
resolve a conflict will lead to a very inefficient resolution, as this maneuver
will cause ownship to fly parallel to the intruder [38].

3-4-2 Dynamic behavior of the display

Because the display projections depend not only on relative speed, but also
on relative position of the intruder aircraft, the projection elements will
change their shape over time, even when no corrective action is performed
to resolve a conflict. Consequently, different conflict geometries will result
in a different emergence of shapes. It is expected that after prolonged use of
such a display, pilots will recognise patterns in this behavior. These patterns
become familiar cues that can trigger rule-based actions [32].

Figure 3.11 shows an example dynamic scenario in planview, where one
intruder aircraft passes behind ownship. In the example, ownship is flying
level, heading north, at an altitude of 20,000ft, with a groundspeed of 390
kts. The intruder is initially flying at 36,000ft, but descending with a vertical
speed of 2000 ft/min, and a groundspeed of 525 kts. Initially, the intruder
is flying just behind, and east of ownship, with a track angle of 330°, at a
distance of 36 nmi. The resulting V,,; ;,; is directed just behind ownship,
resulting in the intruder passing behind ownship during the course of the
scenario. Figure 3.12 illustrates the emerging behavior of the flight-path
constraint area in the example scenario. Figure 3.12(a) shows the situation
at t = 0. The intruder is illustrated with the puck, and the constraint area
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Figure 3.11: Planview of example dynamic scenario.

for the ownship Flight-Path Vector (FPV) is split into two parts. Both FPV
constraint areas grow over time, up to the point that the larger of the two
is stretched over the sides of the interface, as illustrated in Figure 3.12(b)-(c).
In Figure 3.12(d), the larger area ‘opens up’, and stretches over the whole
top of the display. In Figure 3.12(d), the small and large constraint areas
start to grow towards each other, until they merge in Figure 3.12(e). After
that, the stretched area shrinks again and becomes smaller, up to the point
where it finally disappears (Figure 3.12(j)), i.e., there is no possibility left to
get into conflict with the intruder, at the current velocity.

3-5 Practical application

The appropriateness of the concept for real-world applications depends on
how well the proposed constraint projections extend to complex situations.
Scenario’s such as multiple intruder conflicts, and complex trajectories will



L80 — 1t —

L 40 — { a0

. — — 1 I — —

L—40 — I - —

L —80 — 1 F-s0 - 1

—160,—120, —80, —40, . , 40 , 80 , 120 , 160 —160.-120, —80, —40, . , 40 , 80 , 120 . 160
(a):t=0 (b): + =200

-80 — .t — :

r — ! r — 1

r40 — 1 r40 — @1

! - @ 1 [o N ]

L—40 — 1 b —

L —80 — 1 F-s0 - 1
—160,-120, —80, —40, , , 40 , 80 , 120, 160 —160.-120, —80, —40, . , 40 , 80 , 120 . 160
(c): t =230 (d): + =250
L 80 — . =
i <~ I _
Y0 — é 1 L40 —
0 - g -
L—40 — I - —

L —80 — 1 F-s0 - 1
—160,-120, —80, —40, . , 40 , 80 , 120 , 160 —160.-120, —80, —40, , , 40 , 80 , 120 . 160
(e): t =270 (f): t =310
180 — 1 & — ]
e IE 15 YN
[o - 1 T = ]
L—40 — 1 -4 — ]
L —80 — 1 F-s0 — 1
—160,—120, —80, —40, . , 40 , 80 , 120 , 160 —160.-120, —80, —40, , , 40 , 80 , 120, 160
(g): t =325 (h): t+ =340

L80 — 1 tso —

) — C H40 —

L = 1 [ =

L —40 — 1 }-40 —

L —80 — 1 t-s0 - 1

—160.-120. —80 . —40 40 . 80 . 120,160 ] [=160,—120, =80, —40, . , 40 , 80 , 120 . 160
(i): t =360 (j): t =400

Figure 3.12: Example of a descending intruder aircraft passing behind ownship at distinct
times.
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ultimately determine the success of the concept. This section describes how
the current concept behaves in more complex situations, and possibilities for
extending the concept.

When multiple conflicts occur simultaneously, each of the conflicting
aircraft would be represented on the display with its own ‘puck’, and cor-
responding FPV constraint area. Because each constraint area represents a
set of state vectors that result in a conflict with that aircraft, a combination
of conflict areas from multiple aircraft, superimposed onto each other, rep-
resents the set of states that would lead to a conflict with one or more of
these aircraft. As a result, any state outside of this combined constraint area
is a solution to all of the current conflicts. When such a global solution is
unavailable or undesirable, conflicts will have to be solved in sequence.

This, in turn, requires the operator to determine an appropriate sequence
in which to solve the conflicts, introducing the need to visualize the priority
of each conflict. Color coding of the flight-path vector constraint area can
be used to indicate time to loss of separation for a particular conflict. Two
options are available: the first option gives a single color to a constraint
area belonging to a certain intruder aircraft, where the color corresponds to
the time to LoS with the current state vector. A second option would make
use of the fact that every point in a constraint area corresponds to a certain
state vector, which in turn corresponds to a certain time to loss of separation.
This way, each point in a conflict area would be colored individually. The
color of an individual constraint area then communicates the priority of the
corresponding conflict.

The current approach of presenting the airspace affordances, i.e., present-
ing them as constraints on the current state, has several benefits: it shows
a clear picture of how traffic influences the pilot’s maneuvering possibilities
(in terms of possible, conflict-free states), and it can be used to create com-
bined visualizations for multiple state dimensions (e.g. the horizontal sepa-
ration assistance display showing combined heading/speed affordances, the
vertical separation assistance display FPA/speed, and the current concept
presenting combined FPA /heading affordances). These displays support
the pilot on Endsley’s first two levels of SA (perceiving situational elements,
and comprehending the meaning of the perceived variables, and their sig-
nificance with regard to the system goals), and to a certain extent also on
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the third level of SA (projecting the current state, or a target state into the
future) [60]. When intent (ownship and intruder) is taken into account, how-
ever, projection is no longer a trivial extrapolation in time of the aircraft state
vector. Instead, the affordance space changes as a function of space and time
due to Trajectory Change Points (TCP), and other changes of state or intent.

Van Dam already showed for the horizontal case, that the dimension
along the bisector of the triangular forbidden area determines the time at
which the closest point of approach with the respective intruder will occur
[47], with the triangle origin representing tcpy = co. Using this property, the
part of the triangle where tcps > trcp can be discarded. Extrapolations of
the future track can be used to show constraints due to intruder state beyond
the trajectory change point. A similar method can be used to include intent
in the current concept.

3-6 Discussion

The work presented in this paper is part of an ongoing study on the design
of a trajectory planning aid. The intended goal is to obtain a graphical inter-
face, that supports pilots in their new task of airborne reconfiguration of a
pre-planned trajectory, in case of traffic conflicts in unmanaged airspace. For
a pilot to function consistently well in this new task, the interface should pro-
mote a high level of situation awareness, supporting the pilot in routine, as
well as unforeseen situations. This study adopts an EID-inspired, constraint-
based approach, where results from a work-domain analysis on multiple
levels of abstraction are used to develop a visual representation of the travel
constraints.

To improve situation awareness, and support appropriate trust in, and
interaction with automated systems, it is necessary for the automation to
be transparent and understandable to the operator. An ecological interface
tries to achieve this by revealing more about the functioning of the work
domain[61]. The current interface concept tries to realize this by showing the
implications of other traffic for the affordances of locomotion in relative space,
and how they relate to ownship performance constraints in absolute space.
When used in combination with an automated system that provides explicit
resolutions, the display helps improve operator trust and understanding of
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an automated resolution, by helping him understand how constraints shape
possible resolutions.

Previous work from this study resulted in two concepts of separation
assistance displays: the horizontal separation assistance display presents a
horizontal projection of the constraints and affordances, which resulted in a
speed-track angle action space overlay on the Navigation Display (ND)[38].
This display has since then been extended, by showing the effects of ma-
neuver dynamics and ownship and traffic intent on the presentation of the
affordance space [47, 59]. The vertical separation assistance display works
in a similar fashion, but instead of showing a horizontal projection of the
locomotion constraints, it uses a vertical constraint projection to create an
FPA-speed action space that is presented on a Vertical Situation Display
(VSD) [39].

Both these displays provide a projection of a certain action space. The
action, here, is the action of locomotion of an aircraft in three-dimensional
space, which can be defined by flight parameters track angle, flight-path
angle, and velocity. For this three-dimensional action space, the horizontal
and vertical separation assistance displays can be regarded as two orthogo-
nal views on the three-dimensional affordance space. The FPA-track angle
affordance zone presented in this paper, then, would be the remaining third
view. Considering the preference of airline pilots to keep the airspeed con-
stant [50, 55], it can be hypothesized that the FPA-track angle combination
should be the preferred option of these three projections. This should be
addressed in a comparative experiment.

One of the main design challenges, is to make use of an aircraft pilot’s
existing ecology. For travel planning and avoidance, pilots already make
use of the outside view and existing cockpit instruments, to perceive the
affordances of the airspace. The challenge is therefore not to replace, but to
enhance this perception. One way to do this is to find a compatible display to
adapt with the separation assistance elements. This method is employed in
the previous concepts: the horizontal separation assistance display used the
ND to present the travel affordances, and the vertical separation assistance
display projected the situation on the VSD.

The current concept would be most compatible with the Primary Flight
Display (PFD), since they both present their information in the track angle
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/ flight-path angle space. However, a problem with this combination is that
a PFD presents its information in an “inside-out” fashion (i.e., the aircraft
symbol is stationary, whereas the horizon moves). This is an unfavorable
situation when separation avoidance elements are shown on this display.
Because these elements are related to the orientation of the ownship, they
will move and rotate with the horizon, making them more difficult to inter-
pret. Other options would, then, be auxiliary displays such as the Electronic
Flight Bag (EFB).

A consequence of the current choice of cutting-planes is that the visu-
alized affordances relate to ownship motion in terms of track angle and
vertical speed changes, however, they do not show the affordances in terms
of ownship velocity. Although pilot feedback in the evaluation experiments
of the previous concepts already indicated that velocity changes are not
preferred, and therefore rarely used when resolving conflicts, the “perfect
ecological interface” would ideally present the affordances for all of the pi-
lot’s maneuvering options. Also, speed changes might be required to satisfy
other goals than safety, for instance to compensate for time deviation along
track, to adhere to time constraints at the next waypoint. In terms of re-
quirements following from the efficiency goal, a pilot may for instance also
consider a constant-throttle vertical maneuver, where velocity cannot be as-
sumed constant.

It is clear that the step from work domain analysis to display concept is
far from a trivial one, and more than one iteration between analysis and de-
sign will be required to work towards a fully functional, and mature design
[45]. In these iterations, concessions are unavoidable when trying to present
four-dimensional work-domain properties on a two-dimensional surface.
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CHAPTER
Co-planar representation of 3-D constraints

This chapter describes a concept for a co-planar airborne separation dis-
play. The decision for a co-planar display is a departure from the aim of
the concept described in Chapter 3, which was to create a single, inte-
grated presentation of the three-dimensional constraints. This chapter
therefore describes the motivation for this design change, before present-
ing the visualization methods and the resulting display concept. The
co-planar display concept presents speed, heading, and altitude action
possibilities in two planar projections of the three-dimensional maneu-
ver action space. The display also provides visualizations of the interac-
tions between these planes of projection, as well as methods to improve
the visual momentum across displays.
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Abstract:  This paper describes a concept for a co-planar airborne self-separation
display, that is designed to aid pilots in their separation task, by visualizing the
possibilities for conflict resolution that the airspace provides. This work is part
of an ongoing research towards the design of a constraint-based three-dimensional
separation assistance interface that can present all the relevant properties of the
spatio-temporal separation problem. A display concept is proposed that presents
speed, heading and altitude action possibilities in two planar projections of the
maneuver action-space. The interface also visualizes how these projections interact
with each other.

4-1 Introduction

In the current Air-Traffic Management (ATM) concepts for unmanaged air-
space, aircraft will fly optimized, four-dimensional trajectories, that have
been determined and coordinated completely before the actual flight [1, 2].
To resolve traffic (or other) conflicts that result from uncertainties that arise
during flight (e.g., bad weather, departure delays), automated systems will
be used to detect conflicts, and provide resolution advisories to the pilot.

Although automation provides the resolutions, pilots will ultimately be
responsible for the validity of that resolution. They should therefore be
able to monitor the traffic situation, and the proper functioning of the au-
tomation, and should be able to intervene in case the automation fails. In
other words, pilots should be able to detect, and act upon very infrequent
situations that were not anticipated in the design of the automation. It is
therefore of paramount importance for automation to be transparent and
understandable to the operator [3-6].

The work presented in this paper is part of an ongoing study on the
design of a three-dimensional separation assistance interface. The study em-
ploys a constraint-based approach, inspired by Ecological Interface Design
(EID). EID is a proven design paradigm from the domain of process control
[7, 8], that has in recent years also been applied in several aviation-related
interface concepts [9-16]. In this approach, work-domain analysis tools such
as the Abstraction Hierarchy (AH) are used to identify relevant constraints
and relations on multiple levels of abstraction [17, 18]. An extensive analysis
of the work domain relevant to airborne separation was performed during
the design of previous constraint-based concepts [12, 13, 16]. This paper will



Co-planar representation of 3-D constraints 89

summarize the relevant constraints and relations that were identified in the
analysis, which stands at the basis of the concept presented in this paper.
For a more exhaustive description of the actual work-domain analysis, the
reader is referred to the previous publications.

The aim of this study is to create an interface that realizes proper support
for airborne separation, by showing the implications of other traffic for the
affordances[19, 20] of locomotion, and how they relate to limitations of the
own aircraft [12, 13]. The interface presented in this study does not explicitly
relate to specific automation functions. Instead, it visualizes work domain
information, which invariably forms the premise on which both automation
and the human operator should base their actions. By going beyond visual-
izations that relate only to the automation logic, these displays help pilots
gain a deeper understanding of the functions and relations within the work
domain [17, 18, 21], which will be invaluable to pilots when they need to
judge the automation’s functioning [22]. These displays should provide sup-
port in routine as well as unforeseen situations, where pilots may have to
rely on their own problem-solving skills to resolve a conflict.

This study has led to three display concepts [12, 13, 16]. Each of these
concepts presents a planar projection of the own aircraft’s three-dimensional
maneuver space. All three projections represent simplified, two-dimensional
versions of the maneuver space. They inescapably discard information, a
problem that is inherent to the presentation of multi-dimensional data on
a two-dimensional surface [23, 24]. Our ultimate goal is therefore to find a
representation that mitigates as much as possible the problems of presenting
multi-dimensional data on a two-dimensional surface.

Several studies have investigated the effects of three-dimensional visu-
alization methods for airborne traffic information displays [25-27]. They
compare between perspective and (co-)planar displays that give a basic rep-
resentation of traffic. For the current work, however, the focus lies not
only on representing traffic, but also on what such traffic means to pilots
in terms of achieving functional goals, and how it relates to other functions
and constraints in the work domain. This will pose different demands on
the method of presentation.

This paper argues for a co-planar representation, on the basis of previous
concepts and the corresponding work-domain analysis. It will describe how
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to mitigate the problems that arise when information which is intrinsically
three dimensional is distributed across two two-dimensional displays, and
how to show the interactions that can occur between the two planar presen-
tations. The decision for a co-planar display is a departure from the aim
of the previous concept[16], which was to create a single, integrated per-
spective presentation of the three-dimensional constraints. The following
section will therefore discuss the rationale for choosing a co-planar display.
Section 4-3 introduces functional presentations for relevant work-domain
constraints. The fourth section describes the co-planar display concept. A
tifth section illustrates how the visualizations in the display concept link
back to the work-domain analysis. The paper concludes with a discussion
of the benefits, drawbacks, and remaining challenges of this concept.

4-2 Three-dimensional data visualization

For the visualization of a three-dimensional space on a two-dimensional
screen, two options can be distinguished: perspective displays and co-planar
displays, each with their own benefits and drawbacks [23, 24]. The decision
to choose either of these two methods will depend on the task requirements
for the resulting display. A co-planar display has uniform, undistorted axes
in its viewing planes, which benefits precise position and angle judgments.
Perspective displays, on the other hand, have more “pictorial realism”: they
correspond more closely to the three-dimensional world [26, 28, 29]. Per-
spective displays can also employ texture and shading to increase realism,
and improve spatial awareness [30]. Perspective displays might therefore be
preferred when the task requires complex shape understanding. St. John
et al. also differentiate between tasks that involve only separated spatial
dimensions, and tasks that involve integrated spatial dimensions, where co-
planar displays are better suited for the former, and perspective displays for
the latter [24].

A drawback of co-planar displays in the current context is that some of
the information on the interaction between locomotion constraints is lost,
when these constraints are presented using separate horizontal and vertical
projections. Also, distributing the information across two displays requires
the pilot to mentally integrate the information from both displays. Perspec-
tive displays, on the other hand, suffer from perspective distortions, which
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can induce errors in judging distances and angles on the display [27, 31, 32].
The presentation of three-dimensional structures also suffers from problems
of occlusion: when viewed from a fixed angle, the front facing side of the
structure hides the internal details of the structure.

4-2-1 Motivation for a co-planar display concept

In the design of a separation assistance display concept, the choice between
visualizations should depend on the specifics of the separation task, and
how it is performed. From previous studies and experiments, several argu-
ments can be found for the use of a co-planar display. First, experiments
performed in this study, as well as other studies, showed that pilots have a
strong preference for single-axis resolution maneuvers [26, 33-36]. Second,
the design of previous constraint-based separation assistance displays illus-
trated that traffic constraints can become complex, yet precise judgment of
these constraints is valuable for safe and efficient conflict resolution. They
also illustrate that the planar projections of the constraints show an intuitive
relation with the absolute geometry of the conflict, which benefits situation
awareness. Perspective distortion makes this relation less visible in a per-
spective projection, a problem that also hampered the previous concept for
a perspective three-dimensional interface[16]. Although that concept em-
ployed constant-velocity cutting planes to reduce the complexity of the con-
straint visualization, it did not reproduce the intuitive visual relation with
the spatial representation of the conflict.

Two of the three current constraint-based separation assistance displays
will be used as a basis for the co-planar concept [12, 13, 16]. The three cur-
rent display concepts provide three orthogonal projections of the maneuver
space: a top-down projection [12], a side-view projection [13], and a front-
facing, ego-centric equidistant cylindrical projection [16]. The first two are
presented on the Horizontal Situation Display (HSD), and Vertical Situation
Display (VSD), respectively. The third concept does not have an equivalent
existing display in the cockpit. Because the first two concepts feature the
most intuitive maneuver space projections, and as they correspond closest
to current re-planning tasks and displays, these will be used in the co-planar
display concept. Each of the two original display concepts assumes that a
traffic conflict lies exactly in its plane, and the challenge in the design of the
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co-planar concept discussed in this paper lies in showing the interactions
that exist between the projection planes of the co-planar display. This will
be discussed in Section 4-3.

4-2-2 Comparison with other three-dimensional displays

Although most current research on airborne separation assistance systems
focuses on the development of automated systems that assist pilots with the
separation task [37—41], there are also several display concepts have been
developed as aids in the task of self-separation [39, 42—44]. There are two
distinct types of conflict representation that are used in these displays: a spa-
tial representation, which is similar to traditional situation displays, and a
maneuver-space representation, i.e., visualizing how proximate traffic limits
ownship maneuverability in terms of airspeed, heading, and vertical speed.
Some displays use only one of these representations, others combine them.
An important benefit of spatial representations is that they offer an intuitive
overview of the situation, familiar to anyone who has ever used a map. Ma-
neuver-space displays, on the other hand, are useful because they reveal a
direct link between constraints or commands, and the applicable maneuver
dimensions.

A second distinctive factor between displays is whether they show ex-
plicit (automated) commands, or constraints on maneuvering. Benefits of
explicit command displays are that they suffer relatively little from display
clutter, and that they reduce workload. Automation also has the potential of
providing the most efficient conflict resolution options. The most important
drawback of displays that show only explicit resolution commands is that
they hide the rationale behind automation. These displays do not support
human information seeking, and, in case of automation failure, pilots are not
supported in recognizing failure, nor in seeking alternatives. In these situa-
tions, performance can even be worse than when completely unaided [22].

Constraint displays, on the other hand, give a continuous view on ma-
neuver options and limitations, which allow pilots to evaluate their own
resolution maneuvers. Depending on how constraints are visualized, these
displays can show the structure of, and relations within the work domain,
and can therefore provide a useful basis for illustrating automation logic.
By showing higher level information and relations, these displays also allow
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pilots to investigate the validity of the data. An important drawback of con-
straint displays is that they can result in more display clutter, compared to
showing only explicit commands. According to Tufte’s views on the use of
details (“To clarify, add detail”), however, this is not necessarily a drawback
for a well designed display [45].

The existing concepts described in [39, 42, 44] show that the concepts pre-
sented in the current study are not the only displays that show constraints
on maneuvering instead of only presenting explicit commands. The con-
cept presented in [42] provides a spatial representation of constraints in the
form of no-go areas on horizontal and vertical map displays. A different
approach was taken in [39], where constraints are indicated with colored
conflict-bands on the compass, the speed tape and the vertical speed indi-
cator on the Primary Flight Display, the HSD, and the VSD. The concept
described in [44] introduces a new display that presents constraints in a
perspective, three-dimensional maneuver space.

The concepts in the current study aim to improve upon such constraint-
based concepts by visualizing the structure of the work domain, and by
illustrating the relations between lower-level elements and higher-level in-
formation. The remainder of this paper will describe how properties of the
own aircraft and the surrounding traffic are related to each other, and to
higher-level constraints and functions, in a way that is made visually appar-
ent on the display.

4-3 Functional presentation of constraints

For airborne trajectory planning and self-separation, several relevant con-
straints have been identified [12, 13, 16]. These constraints fall broadly into
two categories: constraints internal to the own aircraft, and constraints ex-
ternal to the aircraft.

The internal constraints relevant to the problem of separation relate to
the various limitations on aircraft performance. In addition to these internal
limitations, the maneuver space is further constrained by external factors
such as weather, terrain, other traffic, and airspace boundaries (such as those
from restricted airspace areas). For airborne separation, the focus obviously
lies on the constraints imposed by other traffic.
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Functional presentations of these constraints, and the relations between
these constraints, should provide a description that is compatible to the
means that are available to the controller. For trajectory planning, this im-
plies that the description should relate the goals and affordances of the sys-
tem, to inputs that match common flight practice. In cruise flight, pilots con-
trol their aircraft by manipulating velocity, track angle*, and altitude settings,
using the autopilot or by modifying the planned route in the Flight-Man-
agement System (FMS). A successful separation assistance interface should
relate these control variables and their operational limits to the affordances
of the airspace.

4-3-1 Velocity action space

A modern glass cockpit supports trajectory planning through the Horizontal
Situation Display and the Vertical Situation Display, which show horizontal
and vertical projections of task-relevant information such as the planned
route, terrain, weather, and other traffic. While these visualizations clearly
identify the elements of the airspace that constrain the maneuver options of
the aircraft, they do not show how these elements shape the possibilities for
pilot action. Because the operator action space is not shown in a meaningful
way, it remains difficult to relate higher level goals and constraints to the
available actions and inputs.

The design philosophy employed in this study proposes to achieve this
by combining the existing spatial representation of airspace elements, with
a velocity action space, that relates own aircraft maneuver variables velocity,
track angle and vertical speed, to the identified internal and external con-
straints [12, 16]. This action space is defined as the reachable subset of the
three-dimensional vector space that contains all possible velocity vectors (i.e.,
all combinations of velocity, track angle and vertical speed).

*Track angle differs from aircraft heading in the presence of wind. Heading indicates in
which direction the aircraft nose is pointing, as indicated e.g. on the magnetic compass. The
track angle gives the direction in which the aircraft is flying. With no wind, these angles are
equal. With cross-wind, however, there will be an offset between heading and track (the drift
angle).
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When zero wind is assumed, an aircraft velocity vector in this vector
space can be defined as follows:

cos (x) cos (7)
V = Vras- | sin(x)cos(y) |,
sin ()

where V145 is the (true) airspeed of the aircraft, x the track angle, and vy the
flight-path angle, or climb angle of the aircraft. Vertical maneuvering is more
commonly expressed in vertical speed, which can be derived from V745 and
v: VS = Vrggsin(y). The presence of wind can be of influence on the
velocity action space representation, but only when ownship and intruder
aircraft experience significantly different wind conditions. It is therefore
kept out of the current analysis.

4-3-2 Internal constraints

The reachable area that defines the velocity action space is bounded by con-
straints that are internal to the own aircraft. These constraints relate to the
various limitations on the performance of the aircraft, such as bank limits,
maneuver dynamics, available engine thrust, stall, structural considerations,
buffet characteristics, and requirements on productivity, emissions and pas-
senger comfort. These limitations result in several constraints relevant to the
task of trajectory planning, such as maximum turn rates, maximum and min-
imum operating speeds, fastest and steepest steady climb and descent, and
the steepest steady climbing and descending turn. Some of these constraints
also show interactions: For example, in turning flight, increasing the bank
angle will also affect the minimum velocity and the maximum attainable
climb angle [46].

Figure 4.1(a) and Figure 4.1(b) illustrate how these constraints can be
visualized in the horizontal and vertical plane, respectively. The horizontal
maneuver space is shaped by the limitations on airspeed, which reduce it to
the ring-shaped area in Figure 4.1(a).

Vertical maneuvering is also constrained by airspeed limitations, as well
as by the steady climb and descent performance. Figure 4.1(b) shows how
these constraints combine in the vertical plane. The vertical edges of the
action space result from the limits on airspeed. The curved edges at the top
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(a) (b) Tmax

Figure 4.1: The three-dimensional velocity action space illustrated in two planar projec-
tions. (@): Horizontal maneuvering can be expressed in combinations of airspeed (Vr4s)
and track angle (x). The minimum (V,,;,) and maximum (Vj;4x) obtainable airspeeds are
the main constraints for horizontal maneuvering. (b): Vertical maneuvering can be ex-
pressed in combinations of airspeed (Vras) and vertical speed (V'S). It is also constrained
by the minimum (V,,,;,) and maximum (Vj,,4x) obtainable airspeeds. Aircraft performance
with maximum (Tyax) and minimum (T,;,) thrust settings determine maximum steady
climb and descent, respectively.

and bottom of the vertical action space visualize the maximum obtainable
steady climb and descent at each velocity, respectively. The resulting con-
tour is also known as the flight envelope of the aircraft (refer to [13] for the
derivation of this contour).

Zp

protected zone

*Vin[

Figure 4.2: A conflict situation. Ownship and intruder are in conflict when the line that
extends from the relative velocity vector (V,,;) crosses the intruder Protected Zone (PZ).
The PZ is a flat, three-dimensional disc around each aircraft, that should remain clear of
other traffic. Common dimensions for this PZ are Rpz = 5 nmi and hpz = 2,000 ft.
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4-3-3 External constraints

In unmanaged airspace, the reachable area that is enclosed by the internal
aircraft constraints is further restricted by several external factors, such as
weather, terrain, and traffic. For a self-separation interface the focus ob-
viously lies on the constraints imposed by other traffic. These traffic con-
straints are shaped by a minimum horizontal and vertical separation be-
tween any two aircraft, that should be adhered to at all times. With common
values of 5 nautical miles horizontal, and 1,000 feet vertical separation, this
results in a three-dimensional Protected Zone (PZ): A flat, three-dimensional
disc around each aircraft, that should remain clear of other traffic (illustrated
for the intruder aircraft in Figure 4.2) [33, 47]. Intrusion of this space is re-
ferred to as a loss of separation. A conflict is defined as a predicted future
loss of separation, within a certain time horizon [48]. For this concept, the
time horizon was set between 60 seconds and 10 to 20 minutes [16].

Although ownship and intruder intent can influence the constraints im-
posed by the intruder, the current study will only employ the current states
to derive these constraints. Previous studies did incorporate the effect of
intent on maneuver affordances [49-51], however, this is beyond the scope
of the current study. Under the assumption that intruder and ownship state
remain unchanged in the near future, a conflict can be predicted using the
speed of ownship, relative to the intruder:

Vrel,own = Vown — Vint

Relative velocity vector V,, o, indicates how ownship moves with respect to
the intruder aircraft*, see Figure 4.3. When the relative track of ownship (the
line extended from the relative velocity vector) crosses the intruder protected
zone, a loss of separation will occur in the near future, see Figure 4.2.

For any given traffic geometry, a set of relative velocity vectors Vrs can
be defined that would result in a conflict between the involved aircraft (i.e.,
all possible relative velocity vectors where the resulting relative tracks cross

*Note that the relative motion of intruder symbols on a traffic display is opposite to
this relative velocity: There, the own aircraft symbol is standing still, and intruder aircraft
symbols move relative to the own symbol on the display. The current concept observes
relative motion from the perspective of ownship (V,, ,4,) in order to find constraints on
own maneuvering.
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Figure 4.3: Relation between ownship motion relative to the intruder, and the absolute
motion of ownship and intruder. Ownship and intruder are shown at time tg and t1. X, .
shows how ownship has moved relative to the intruder. Line a shows that the change in
orientation between ownship and intruder along the relative path is equal to the change
along the absolute paths.

the intruder PZ). Figure 4.4 gives an illustration of Vp4. It is a construct
of two slanted cones, connected by straight sections. Both cones have their
apex at the ownship location, and their curvature is aligned with the upper
and lower circles of the intruder PZ. Cross-section (a) in Figure 4.4 illustrates
the effect of the thickness of the intruder protected zone: if the PZ had been
flat, Vr4 would have been a single slanted cone, and cross-section (a) would
have been an ellipse. The thickness of the PZ introduces straight sections in
the shape of Vr4, and in cross-section (a).
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Figure 4.4: The three-dimensional forbidden area Vp, consists of a conical area that is
aligned with the edges of the intruder protected zone, as seen from the ownship, and has
its apex situated at the center of ownship. Cross-section (a) shows how the thickness of
the protected zone changes the shape of the forbidden area from what would otherwise
be a pure slanted cone, to a combination of two slanted cones, connected by a straight
section.

The three-dimensional vector set Vrs marks the constraints that other
traffic imposes on ownship (relative) motion with respect to that intruder
aircraft, and will be referred to as the three-dimensional forbidden area in the
remainder of this paper. This representation only varies as a function of
time®. This means that for the current time, the three-dimensional forbidden
area represents the complete set of relative velocities that would result in a
loss of separation.

The concepts preceding the current study illustrated that the relation be-
tween the forbidden areas and the own velocity vector can be made visible
by translating the forbidden area and relative velocity vector by the intruder
velocity vector, see Figure 4.5 [12, 16]. This would be equivalent to adding
Vit on both sides of the equal sign in Equation (4.2). The shifted forbid-
den area represents the constraints imposed by an intruder aircraft in a way
that directly relates to the ownship maneuver options. An added benefit,

fWhen neither aircraft maneuver, the opening angle of the forbidden area will expand
or contract only as a function of the closing speed of the intruder aircraft, with respect to
ownship. When ownship and intruder are not on a collision course, the orientation of the
forbidden area will also change as both aircraft pass each other.
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Figure 4.5: Constraints on ownship velocity, expressed in an absolute velocity field. (a)
illustrates horizontal intruder constraints, (b) illustrates vertical constraints. ownship and
intruder are in conflict when the tip of the ownship velocity vector is inside the three-
dimensional forbidden area. The apex of the shifted area corresponds with the intruder
velocity vector, and can be used on the display to determine for instance relative track,
and intruder vertical speed. The forbidden area bisector shows relative bearing of the
intruder.

illustrated in Figure 4.5, is that the apex of the shifted forbidden area corre-
sponds with the intruder velocity vector, and that the direction of the bisec-
tor of the forbidden area is equal to the relative bearing of the corresponding
intruder, properties that can be useful when assessing a conflict.

Note that this derivation of the forbidden area assumes instant state
changest. It can be shown that this is a safe assumption when a predicted
conflict is still in the far future [52, 53]. However, maneuver dynamics will
start to play a larger role when conflicts become more imminent: in the case
of tactical maneuvers (within 10 minutes of a predicted conflict), unmod-
eled dynamics will cause significant errors, particularly speed maneuvers
[52]. The previous horizontal display concept compensated for this by ob-
serving the constraint area at time ¢, + tn. Here, ty,, is the maneuver du-
ration for the heading solution that corresponds to the respective forbidden
area leg. A new relative position is extrapolated using the current aircraft
velocities, which in turn is used to calculate the corrected position for the
forbidden area leg. This method can also be applied to the current concept.

HIn reality, a heading or speed change that is taken to resolve a conflict will take a certain
amount of time. In that time, the constraint area will have grown slightly, and it might occur
that what initially seemed a valid solution, will in fact not resolve the conflict, due to the
expansion of the constraint area during the course of the maneuver.
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Figure 4.6: Translated three-dimensional forbidden area and horizontal and vertical
projections. FAy,, is the horizontal projection of the three-dimensional forbidden area,
and presents constraints for ownship track and horizontal velocity. FAye is the vertical
projection of the same area, and presents constraints for vertical motion.

4-3-4 Planar constraint projections

There are several visualization techniques for three-dimensional constructs
such as the forbidden area, each with its specific benefits and drawbacks [23].
The drawback these methods have in common, however, is loss of context.
This, however, is unavoidable, as some form of reduction is necessary to
present multi-dimensional data on a two-dimensional surface [23, 24]. The
challenge is to determine crucial parts of the context, and to find a visualiza-
tion that maintains the relevant information.

The previous horizontal and vertical constraint displays both show an
orthogonal projection of the three-dimensional forbidden area (illustrated
in Figure 4.6). These projections take the three-dimensional shape, and dis-
card the coordinate that is orthogonal to the projection plane. The resulting
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shapes are triangular, with the triangle apex at the (projected) ownship po-
sition, and its legs aligned with the edges of the projected protected zone.

In Figure 4.6, FAy,, is the horizontal projection of the three-dimensional
forbidden area, and presents the constraints on relative track and horizontal
velocity, for all values of vertical speed combined. FA,, is the vertical projec-
tion of the three-dimensional forbidden area, and presents the constraints on
relative vertical motion, for all values of the ownship track angle combined.

The orthogonal projections, then, provide a global contour of the for-
bidden area in their respective dimensions. Visualization of these contours
has many benefits. Most importantly, the relation between the triangular
contour and the geometry of the conflict is easily interpretable. The trian-
gles reveal several key parameters of a conflict, such as spatial proximity,
intruder bearing, intruder heading and velocity, and relative velocity, and
how these parameters relate to each other. These cues also help to relate the
forbidden areas to the traditional intruder symbols on the display [36].

However, because the projections show constraints for all values of the
orthogonal coordinate, the constraints can be conservative when the conflict
does not lie exactly in that plane. For instance, a certain combination of
speed and track angle may lie in a horizontally projected forbidden area, but
can still be conflict-free if there is enough vertical separation, or if vertical
separation is obtained before a horizontal loss of separation occurs. This
distinction cannot be made with the projected forbidden areas alone.

4-3-5 Interactions between projection planes

What these projections fail to show, then, is how the orthogonal planes in-
teract with each other. The horizontal projection does not reflect vertical
separation and maneuvering, and vice versa. Cutting plane visualization
partly reveals this interaction, by showing a part (a ‘slice”) of the three-di-
mensional shape, for a given constant value of the third dimension [23]. In
combination with the planar projection of the three-dimensional shape, it
reveals which part of the projection is valid, for a specific point along the
dimension that is orthogonal to the projection plane. The result of a cutting-
plane intersection will therefore always be a subset of the planar projection
of the three-dimensional shape.
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Figure 4.7 shows a horizontal cutting plane, that intersects with the three-
dimensional constraint area for a certain given value of ownship vertical
speed, i.e., the vertical offset of the cutting plane is equal to ownship verti-
cal speed. The resulting ‘slice’ of the constraint area represents horizontal
velocity constraints, taking into account the relative vertical motion and ori-
entation. This reduced forbidden area is a subset of the horizontal projec-
tion of the three-dimensional constraint zone (also illustrated in Figure 4.7).
When ownship and intruder are not vertically separated, and the relative
vertical speed is equal to zero, the horizontal reduced forbidden area will be
equal in shape and size to the projected horizontal forbidden area.

cutting plane

1 VSou

Figure 4.7: The horizontal reduced constraint area is given by the intersection of the
three-dimensional constraint area, and a horizontal cutting plane, offset vertically by
the ownship vertical speed. The horizontal reduced area illustrates exact constraints on
horizontal maneuvering, also for conflicts with non-zero relative vertical distances and
velocities.

Figure 4.8 shows a vertical cutting plane, aligned with the ownship track,
that intersects with the three-dimensional constraint area. The resulting
slice of the constraint area presents vertical velocity constraints, taking into
account how a conflict is oriented in the direction orthogonal to the own-
ship track (i.e., intruder cross-track distance and relative intruder track an-
gle). This reduced forbidden area will always be a subset of the vertical
(side-view) projection of the three-dimensional constraint zone (see also Fig-
ure 4.8). When ownship and intruder are flying with zero cross-track dis-
tance and relative track angle Ay = 180° or Ax = 0° (ownship and intruder
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are flying head-on or are overtaking, respectively), the vertical reduced for-
bidden area will be equal in shape and size to the projected vertical forbid-
den area.

cutting plane

Figure 4.8: The vertical reduced constraint area is given by the intersection of the three-
dimensional constraint area, and a vertical cutting plane, aligned with the ownship track.
The vertical reduced area illustrates exact constraints on vertical maneuvering, also for
conflicts with non-zero cross-track distances and velocities.

Because these reduced forbidden areas depend on the variable that is
perpendicular to their plane of projection, they effectively reveal an impor-
tant part of the interaction between the planes of projection. The reduced
areas are invariant with respect to state changes that lie in their own plane
of projection, and therefore provide a consistent set of two-dimensional con-
straints, under the assumption that the third (perpendicular) variable is kept
constant. In this case, the reduced areas only vary with time, similar to the
forbidden area projections.

When the perpendicular variable is varied, the reduced area will always
change in a predictable fashion. If the change in that variable is away from
the tip of the three-dimensional forbidden area, the reduced area will also
move away from the tip of the triangle in its respective projection. Similarly,
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if the change moves the velocity vector closer to the tip of the three-dimen-
sional forbidden area, the reduced area will move towards the tip of the
triangle in its respective projection. Also, because the planar projections
effectively result in a two-dimensional contour of the forbidden area at its
widest point, projections of the reduced areas can never extend beyond the
boundaries of the projected forbidden area.

Aside from interactions that result from shortcomings of methods for
showing three-dimensional data on multiple, two-dimensional surfaces, in-
teractions can also be found between several aircraft locomotion variables,
and their limits. A very direct interaction can be found between the aircraft’s
bank angle, and its climb performance and stall speed: Increasing the bank
angle will increase the stall speed, and reduce the maximum climb angle.
On a larger time scale, altitude changes will have an effect on minimum and
maximum operating speeds, and on climb and descent performance [46].

These interactions can partly be captured in the visualization when the
visualized constraints are dynamically calculated for the current values of
the flight variables that influence it. There are, however, situations possi-
ble where dynamically calculated constraints do not suffice. Consider for
instance a situation where a traffic conflict is solved by assuming a vertical
speed that is close to the maximum climb performance. It can happen that
although initially this climbing solution seemed to be a valid solution, the
reduction in climb performance due to increasing altitude invalidates this
solution option. This is, however, beyond the scope of the current study.

4-4 Concept

Figure 4.9 illustrates a design concept for a separation assistance interface,
that presents separation-related affordance cues on a co-planar display. The
combination of a Horizontal Situation Display and a Vertical Situation Dis-
play was chosen for this co-planar display concept, because these displays
are omnipresent in the modern flight deck. These two displays also provide
the most intuitive maneuver space projections, and they correspond closest
to current re-planning tasks.

In this display concept, the three-dimensional traffic situation is visual-
ized in two orthogonal, two-dimensional views: a top-down view (@), and
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Figure 4.9: Concept for a co-planar separation assistance display. This figure shows
a Horizontal Situation Display (@) and a Vertical Situation Display (@), with added
separation assistance overlays. ® and @ are the horizontal and vertical State-Vector
Envelope, respectively. @ is the projected forbidden area both on the HSD and the VSD.
® is the reduced forbidden area on both displays. @ Represents the ownship state vector,
® is a TCAS-symbol indicating the relative location of the intruder aircraft. @ is a
speed tape, showing current IAS, selected IAS, and simplified traffic constraints. @ is a
vertical speed tape, showing the current and selected vertical speed in feet per minute,
and simplified traffic constraints.

a side view (). Both views present an ownship-centered moving map, that
shows spatial information such as the FMS route and intruder aircraft posi-
tions. In addition, constraints on ownship maneuvering are shown on both
displays through velocity action-space overlays (&, ®@).

The top-down view presents information in a polar coordinate system:
spatial information is expressed in relative bearing and distance, and the
velocity action-space shows constraints for combinations of track angle and
airspeed. The side view uses a Cartesian coordinate system: spatial infor-
mation is expressed in along-track distance and relative altitude. Here, the
velocity action-space shows constraints for combinations of airspeed and
vertical speed.
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4-4-1 Traditional display elements

The moving-map presentations on the HSD and VSD are not new: the HSD
is present in all modern cockpits, and also the VSD is becoming more com-
mon. To match current practice, intruder aircraft are represented on both dis-
plays using TCAS-like symbology* (®) [54]: an unfilled diamond indicates
a non-conflicting intruder, a filled diamond indicates a conflicting intruder,
with more than five minutes to a loss of separation. This is considered a
low-priority conflict. A conflict is considered medium priority when a loss
of separation is between three to five minutes away, indicated with a solid
circle as intruder symbol. A high priority conflict is less than three minutes
away, and is indicated with a solid square.

Separation margins are indicated around each intruder on both displays,
which results in a circle on the HSD, and a flat rectangle on the VSD, see
Figure 4.10. On the HSD, the intruder’s horizontal speed vector is shown
with a dotted trend line. The length of this line is scaled such, that it equals
the radius of the separation circle if the horizontal speed of the intruder is
equal to the ownship horizontal speed.

A small up/down arrow is shown next to the intruder symbol, when the
vertical speed of that intruder exceeds 500 ft/min. A signed number below
the intruder symbol indicates the vertical offset in flight levels (1 flight level
equals 100 feet), see Figure 4.10(a). On the VSD, the intruder TCAS symbol
is accompanied by a label that shows the relative bearing in hours o’ clock,
and the distance in nautical miles. An up/down arrow is shown to the right
of the TCAS symbol when the vertical speed of that intruder exceeds 500
ft/min, see Figure 4.10(b).

In addition to the map view, the vertical display also includes a speed
tape, and a vertical speed tape. The speed tape (®) shows current Indicated
Air Speed (IAS), selected IAS, and simplified speed constraints in knots. The
vertical speed tape (@) shows the current and selected vertical speed, and
simplified vertical speed constraints, in feet per minute.

*Note that this is not necessarily the best intruder visualization. Intruder symbology
design, however, is beyond the scope of the current study. TCAS symbology was therefore
chosen to match current practice.
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Figure 4.10: Intruder aircraft symbology. Intruders are visualized using TCAS-style
symbology: unfilled diamonds for non-conflicting aircraft, filled diamonds for low-priority
conflicts, filled circles for medium-priority conflicts, and filled squares for high-priority
conflicts. (a): Intruder symbology as shown on the HSD. The TCAS symbol is shown
together with the separation margin, a speed vector, a vertical speed arrow, and a flight-
level offset. (b): Intruder symbology as shown on the VSD. The TCAS symbol is shown
together with the separation margin, a vertical speed arrow, the relative bearing in hours
o’ clock, and the intruder distance in nautical miles.

4-4-2 Velocity action-space overlays

The horizontal State-Vector Envelope (SVE) (®) shows the affordance space
for horizontal maneuvering in terms of track angle and airspeed, see Fig-
ure 4.11(a). Because a horizontal situation display in expanded mode (as
in Figure 4.9) does not show traffic behind the own aircraft, the horizontal
state-vector envelope also shows only solutions with |Ax| < 90°. Current
horizontal situation displays also have modes that show the situation behind
the ownship. In such a mode, the horizontal state-vector envelope would be
shown as a whole circle. The vertical State-Vector Envelope (@) is illustrated
in Figure 4.11(b), and shows the affordance space for vertical maneuvering
in terms of airspeed and vertical speed.

Intruder aircraft that are within detection range will further reduce the
available maneuver space in the horizontal and vertical State Vector En-
velopes. The reduced forbidden areas (®), derived in the previous section,
give the most precise representation of these constraints, see Figure 4.11.
On the HSD, a reduced forbidden area gives the constraints imposed by an
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Figure 4.11: The horizontal (a) and vertical (b) State-Vector Envelopes. The forbidden
areas correspond to one intruder, who is situated below, to the front and to the right
of ownship, crossing ownship from right to left, and climbing at a shallow climb angle.
(a): The circular boundaries that constrain the horizontal maneuver space represent the
aircraft minimum and maximum operating speeds. The intruder track is offset from the
ownship track by Ay. The triangle apex represents the intruder velocity V;,;. (b): The
vertical maneuver space is bounded by minimum and maximum operating speeds, and
by minimum and maximum steady-state climb. The vertical offset of the triangle apex
corresponds to the intruder vertical speed, VS;,;.

intruder on ownship track angle and airspeed, for the current value of own-
ship vertical speed. On the VSD, a reduced forbidden area gives intruder-
imposed constraints on ownship airspeed and vertical speed, for the current
ownship heading.

Note that each intruder adds a forbidden area to the available maneu-
ver space. These forbidden areas, however, work in a cumulative fashion:
selecting a ‘clear” area solves all detected conflicts, without creating a new
conflict. In the current concept, the derivation of the constraint areas uses
only state information, and will therefore only be valid when there are no
imminent trajectory changes. Although the influence of intent information
has been considered in previous concepts [49-51], this is out of the scope of
the current study.

The reduced forbidden areas result from the intersection between a flat
cutting plane, and the three-dimensional forbidden area: a compound of
two slanted conical shapes, aligned with the top and bottom of the intruder
protected zone. The shapes that result from this intersection range from
circles, to ovals, to open-ended hyperbolic curves, see Figure 4.11.

Ref. [36] describes how the triangular shapes that result from planar
projection of the forbidden area can be used to derive several relevant cues
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about the spatial configuration of a conflict. These cues make it easier to re-
late forbidden areas to intruder symbols on the map view, but also provide
more information on the urgency of a conflict, and how different resolu-
tions would affect the traffic situation. In other words, while the reduced
forbidden areas provide more precise constraint visualization, they sacrifice
important cues that link several display elements together. The current con-
cept therefore combines the reduced forbidden areas with the outline of the
corresponding projected forbidden areas (®). In addition to the added situ-
ational information, these outlines also provide an outer limit on the shape
and size of the reduced forbidden area, when a perpendicular flight param-
eter is modified.

The current ownship airspeed, track angle and vertical speed are pre-
sented on the two displays by two velocity vectors (@) that extend from the
origin of the SVE to a certain point in the velocity vector space. On both
displays, the length of these vectors is equal to the ownship airspeed. On
the vertical situation display, the ownship vertical speed results in a rotation
v = arcsin(VS/Vras) of the velocity vector. Because the horizontal situa-
tion display is oriented track-up, the horizontal velocity vector has a fixed,
vertical orientation. A dot, four kts wide, attached at the tip of each velocity
vector, acts as a margin for maneuver selection [36].

In combination with the reduced forbidden areas, the velocity vectors
show the affordance of avoidance: placing either of the velocity vectors out-
side all of the forbidden areas results in a conflict-free trajectory. Intruder
flight-path vectors are also shown as dots at the tip of the corresponding
forbidden area triangle. On the horizontal display, the distance from the
tip of a triangle to the center of the SVE is equal to the airspeed of the cor-
responding intruder, see Figure 4.11(a). On the vertical display, however,
this distance is equal to the in-track component of the intruder airspeed,
Voertint = VTAS,int X €0S(Xint — Xown)- Here, Vrag int is the intruder airspeed,
Xint is the intruder track angle, and Xown the ownship track angle. Moving
the ownship velocity vector towards one of these dots to resolve a conflict
will lead to a very inefficient resolution, as it will cause ownship to fly par-
allel to the intruder [12].
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4-4-3 Conflict urgency visualization

In addition to varying intruder symbology, conflict urgency is also indicated
using color coding for all of the display elements that correspond to one in-
truder. This means that the aircraft symbols on both displays, as well as
the forbidden area triangles and reduced forbidden areas on both displays
are colored according to the urgency of the conflict between ownship and
the corresponding intruder. Similar to the TCAS system, four levels of ur-
gency have been defined for the current concept[54]. The lowest urgency
level corresponds with intruder aircraft that are currently not in conflict
with ownship. For these intruders, the display elements are colored white.
The second level of urgency corresponds with a conflicting intruder, with
a loss of separation further than five minutes away. This is defined as a
low-urgency conflict, and display elements are colored yellow. A medium-
urgency conflict corresponds with a loss of separation between three and
tive minutes, and is colored orange on the display. A high-urgency conflict
indicates a loss of separation within less than three minutes, and is colored
red on the display.

4-4-4 Visual momentum

When more than one intruder aircraft needs to be shown on the display, it
becomes more important for the display to provide ways to link the several
visual elements on the display to an intruder and to each other. Visual
cues that facilitate this link increase visual momentum: they facilitate the
integration of information across multiple displays, and between elements
on each display [55]. This integration is essential for proper SA, as the
elements on both displays are intrinsically tied together. Manipulation in
one plane will often affect constraints in the other plane. Visualizing which
elements belong together should aid pilots when assessing these relations.

Woods introduces functional data overlap as a method that “improves
the visual momentum across multiple displays by ‘presenting pictorially the func-
tional relationships that cut across display frame boundaries” ”. In other words,
visual momentum can be improved by showing particular information on
both displays, and by visualizing relationships between information on both
displays. The color coding that is used to indicate conflict urgency is an ob-
vious way to improve visual momentum. The shape and orientation of the
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conflict zones, however, also provide ways to identify display elements that
belong together. Examples are the distance to an intruder, which also deter-
mines the opening angle of the corresponding forbidden areas, the predicted
intruder flight path determines the location of the tip of the horizontal trian-
gle, and the vertical speed, that determines the vertical position of the tip of
the triangle on the vertical display.

4-4-5 Comparison with previous concepts

The main difference between the current co-planar display concept and the
previous separate horizontal and vertical display concepts, is the visualiza-
tion of the interactions that can occur between the planes of projection. The
horizontal display shows constraints on horizontal maneuvering, under the
assumption that intruding aircraft are flying level, within minimum verti-
cal separation. Similarly, the vertical display shows constraints on vertical
maneuvering, assuming zero cross-track distance and maneuvering. These
projected constraints become increasingly conservative when conflicts devi-
ate from these assumptions. The reduced forbidden areas show more precise
constraints by taking the conflict orientation orthogonal to each projection
into account.

Figure 4.12 illustrates how the constraints imposed by an intruding air-
craft change when the corresponding conflict geometry can no longer be
defined in a single plane of projection. All four examples in Figure 4.12
show how conflict constraints would be visualized on the new display. Note
that on the original two displays the visualization would be similar, but that
all triangles would always be completely filled.

The first conflict, shown in Figure 4.12(a), corresponds to an intruder
that is both on the same track and the same level as ownship, and both air-
craft are flying level. In this case, neither the assumptions for the original
horizontal display, nor those for the original vertical display are violated.
As a result, the constraints imposed by the intruder are presented as com-
pletely filled triangles on the new display, completely identical to what the
visualization for this conflict would be on the original displays.

Figure 4.12(b) shows how the constraints change when the intruding
aircraft starts to climb. Because the intruder is still on the same track as
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Figure 4.12: Example scenarios. An overview of each scenario is given on the left. The
black aircraft symbols represent ownship, the gray symbols represent the intruder. (a)
Ownship is behind and overtaking the intruder, both are flying level, at equal altitude.
(b) Intruder is climbing. (c) Both are flying level, but the intruder is to the left of
ownship, crossing to the right. (d) Intruder is to the right of ownship, crossing to the
left, descending from a higher altitude.
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ownship, the assumptions for the original vertical display still hold, and the
presented vertical constraints are still identical to how they would be pre-
sented on the original vertical display. The horizontal constraints, however,
change as a result of the vertical maneuver of the intruder. Where the orig-
inal horizontal display would show a conflict, the reduced forbidden areas
reveal that ownship would have to accelerate to get into conflict.

Figure 4.12(c) shows how the vertical constraints change when the in-
truder is on a different track than ownship. Similar to the situation in
Figure 4.12(b), the original vertical display would show a conflict, while
in reality the intruder passes in front of ownship before they get too close.
Figure 4.12(d) shows that both the horizontal and the vertical presentation
of constraints change when the intruder is both off level and off track. In
this example ownship and intruder are still in conflict. The presentation in
Figure 4.12(d) shows that maneuvers exist that solve the conflict, while still
being in both the horizontal and vertical triangles. Such solutions would be
impossible to derive from the original two displays.

4-5 Relationships between the AH and this concept

The constraint-based approach that was adopted in this study used work-
domain analysis tools such as the Abstraction Hierarchy to identify con-
straints and relationships on multiple levels of abstraction [17, 18]. Although
the work-domain analysis for this concept has not changed significantly
since the previous concept, looking at how the visualizations in the cur-
rent concept are related to that work-domain analysis can provide a useful
review of the concept, as well as relevant insights for future design itera-
tions and experiments. This section will therefore briefly describe how the
different elements of the display link back to the functions, constraints and
relationships in the abstraction hierarchy (Fig. 1 in [16]). Ref. [16] describes
the work-domain analysis in more detail.

The velocity action-space overlays proposed in the display concept form
the main additions to the horizontal and vertical situation displays. These
overlays give a consistent view on the relations between locomotion inputs
and the primary functions of productivity, efficiency and safety, and they
show how these relationships are influenced by the identified constraints.
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Together with the velocity vectors, the horizontal and vertical state-vector
envelopes relate to the safety goal, by showing how internal constraints
(available power, structural limits, ...) limit possible velocity vectors. In com-
bination with the horizontal FMS track on the map display, the horizontal
SVE relates to the production goal through the destination approximation
constraint (deviations from track that are larger than Ax = 90° move the
aircraft away from its destination).

The reduced forbidden area relates to the safety goal by showing the af-
fordance of conflict, (the own velocity vector inside a reduced forbidden area
indicates a conflict). Together with the internal maneuvering constraints
from the SVE, it shows the affordance of avoidance: any vector within the
SVE that is not inside any reduced forbidden area is a possible solution
to a conflict. The reduced forbidden area also relates to the efficiency goal,
through the ‘shortest way out’ principle [12]. The smallest vector change out
of a reduced area will also result in the smallest path deviation. Note, how-
ever, that path deviation in the horizontal plane does not directly compare
to path deviation in the vertical plane.

The forbidden area outlines link lower-level elements to higher level con-
straints. Together with the intruder symbols on the map displays, they link
conflict and separation on the abstract function level to obstruction (motion),
relative motion, and traffic location on the generalized and physical function
levels. The tip of the triangle conveys intruder motion (the tip is offset from
the center of the SVE by the intruder velocity vector), and the triangle bi-
sector communicates intruder relative bearing, and therefore helps to link
forbidden areas to their respective intruders.

4-6 Practical application

An important argument in the current study is that in order to support oper-
ators in unforeseen situations, displays should go beyond visualizations that
relate only to the automation logic. The interface should provide a window
to the reasoning and functioning of the automation, by visualization of the
affordances of the work domain, and by making clear how these affordances
relate to the actions and advisories of the automation. The appropriateness
of these displays for real-world applications, however, also depends on how
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well the concepts extend to complex situations, such as multiple intruder
conflicts, complex trajectories, and of course situations where the automa-
tion is failing. This has also been considered for preceding concepts, and
many of the properties illustrated in those studies apply to the current con-
cept as well[12, 16].

Van Dam, for instance, illustrated that the forbidden areas work in a
cumulative fashion [12]. Because each forbidden area reveals absolute ma-
neuvering constraints, imposed by an intruder aircraft, a combination of
forbidden areas from multiple aircraft, superimposed onto each other, will
represent the set of states that would lead to a conflict with any one (or more)
of these aircraft. As a result, any state outside of this combined constraint
area is a solution to all of the current conflicts. This property is inherent to
the presentation of constraints in an absolute velocity space.

Ellerbroek illustrated that conflicts can be solved in sequence, when the
priority of each conflict is visualized using color coding of each forbidden
area [16]. The current concept uses single colors for each forbidden area,
where the color corresponds to the time to loss of separation, given the cur-
rent state of ownship and intruder. A possible improvement could make use
of the fact that every point in a forbidden area corresponds to a certain state
vector, which in turn corresponds to a certain time to loss of separation. This
way, each point in a forbidden area can be colored individually. In addition
to visualization of the priorities of conflicts given the current state, the inter-
face can then also reveal the viability of possible intermediate solutions in
complex traffic situations.

One of the issues with co-planar displays is that the operator has to
combine information from two displays to obtain a complete mental picture
of the situation. Although the projected forbidden areas already provide
strong links between the different elements on the displays, a crowded air-
space can still make it difficult to make these links, especially when work-
load is already high. One of the techniques Woods proposes to improve this,
is to provide across-display perceptual landmarks [55]. A common color, for
instance, can provide a perceptual link between items on different displays
that belong together. The priority color coding already partly fulfills this
function, but can be improved with a selection system, where the display
elements that correspond to one intruder are highlighted upon selection.
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The current concept employs the current states to derive the constraints
imposed by other traffic. This method holds under the assumption that
ownship and intruder state remain constant in the near future. When this
is not the case, the affordance space will change as a function of space and
time due to Trajectory Change Points (TCP), and other changes of state or
intent. Several studies have illustrated methods to visualize intent in the
forbidden areas [49-51]. Each of these methods makes use of the fact that
the dimension along the bisector of the triangular forbidden area is related to
the time at which the closest point of approach with the respective intruder
will occur, with the triangle origin representing tcps = 0. A change in state
at t = trcp will therefore result in a change in the forbidden area at the point
where tcps = trep. A similar method can be used to include intent in the
current concept, by extending one of these methods to three dimensions.

Although current ATM concepts for unmanaged airspace suggest a traf-
fic display to be used as a situation awareness tool for automated self-
separation systems, constraint-based displays are not limited to this level
of support. Because the displays visualize work-domain constraints and
relations, they support the pilot on multiple levels of control, from fully
automated conflict resolution, to manual pilot decision making.

4-7 Discussion

The work presented in this paper is part of an ongoing study on the de-
sign of a trajectory planning aid. The goal is to obtain a graphical interface
that supports pilots in their new task of airborne reconfiguration of a pre-
planned trajectory, in case of traffic conflicts in unmanaged airspace. The
current work focuses on ways to visualize three-dimensional data on a two-
dimensional display. A co-planar display concept has been proposed, that is
based on the previous top-down and side-view display concepts.

There are several reasons why a combination of a Horizontal Situation
Display (HSD) and a Vertical Situation Display (VSD) was chosen for the co-
planar display concept. First, these two displays provide the most intuitive
maneuver space projections, and support the most straightforward resolu-
tion strategies, such as single-axis maneuvers, and combinations of speed
and heading or vertical speed. A practical factor is also that these displays
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are already available on a modern flight deck, and they correspond closest
to current re-planning tasks.

In previous research, the visualization of constraints on the display im-
plicitly assumed that conflict geometries were flat: the constraints shown
on the horizontal interface assume zero vertical separation and no verti-
cal maneuvering, and the side-view display assumes that there is no cross
track separation with intruder aircraft. When these assumptions are violated
these displays will present overly conservative constraints. Simply combin-
ing these displays, therefore, is not sufficient to create an effective co-planar
solution. Aside from the fact that good visual momentum demands visual
cues that link both displays together, each individual display also requires
modifications so that the presented constraints remain valid when a conflict
can no longer be defined in just one plane. A co-planar display should re-
veal how individual planes interact with each other, and provide pilots with
a consistent and intuitive view on what can be a complex, three-dimensional
traffic situation.

The current concept, therefore, re-implements as much as possible the
strong points of the previous, single-plane displays. The triangular shapes
that result from planar projection of the three-dimensional traffic constraints
provide strong and intuitive cues about the conflict geometry, reveal how
different elements on the display belong together, and can help pilots keep
an overview in complex traffic situations with multiple intruders. These
projections are complemented with precisely derived constraints, that are
also valid in combined cross-track and off-level conflict situations.

Although full, simultaneous three-dimensional maneuvering is still not
consistently supported, it can be argued that this is a minor sacrifice when
choosing a co-planar display over a perspective display: Several studies in-
dicate that pilots prefer single-axis maneuvers [26, 33-36]. Also, the benefits
(e.g., in terms of efficiency) of three-axis maneuvers over two- or one-axis
maneuvers are rarely ever significant.

A possible downside of the constraint-based presentation in this con-
cept is that in a densely populated airspace, the state-vector envelope can
become crowded with forbidden areas, making it less suitable (or unsuit-
able) as a situation awareness tool. Although this is an undesired situation,
a de-cluttering algorithm will increase automation complexity, and reduce
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transparency of actions towards the operator. This will be the topic of a
future study.

Current ATM concepts for the future of the structure of the airspace
suggest a highly optimized, and —in certain parts of the airspace— decentral-
ized system, with a high degree of automation. In the decentralized parts
of airspace, aircraft will fly optimized, predetermined trajectories, where
automation will be used to resolve problems that result from uncertainties
during the flight. The concepts suggest that a display of traffic information
should be added to help the aircrew judge these kinds of situations, and
solve problems when they arise. The current study uses a constraint-based
approach to design an interface that supports traffic situation awareness.

When used in combination with an automated system that provides
explicit resolutions, such a display should improve operator trust and un-
derstanding of an automated resolution, by helping him understand how
constraints shape possible resolutions. Note that this visualization is in-
dependent of the specific implementation of conflict resolution automation.
Instead, it visualizes work domain information, which invariably forms the
premise on which both automation and the human operator should base
their actions. This method of visualization also provides an opportunity to
create a visualization that is consistent across different levels of automation.

This method of display design, however, also implies that there are cer-
tain demands on the design of the automation. The interaction between
automation and the human actor requires transparent functioning of the
automated system. When a resolution advisory cannot consistently be ex-
plained by the information on a display, for instance because it takes addi-
tional (hidden) constraints into account, a pilot can hardly be asked to judge
the fidelity of this resolution. Consistency between interface and automa-
tion, therefore, requires a common model of the work domain, from which
the automation derives a resolution, and which the interface visualizes to
the operator. This consistency will be crucial for human actors to share their
cognition and decision-making with the automation.
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4-8 Conclusions

A separation assistance display was proposed, that presents constraints on
horizontal and vertical maneuvering, in a velocity action space that is over-
laid on both a horizontal and a vertical situation display. A two-dimensional
co-planar presentation was chosen because it offers an intuitive, undistorted
and precise view on the constraints and the traffic situation. It also corre-
sponds more closely to current-day flight-deck interfaces, as well as to pilot
resolution preferences.

A follow-up paper (see Chapter 5) will present a set of experiments that
evaluate this concept in terms of safety, performance, and situation aware-
ness, in manual conflict resolution tasks. Future design iterations will focus
on display clutter, intent, and on the interaction with different automated
resolution modes.
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CHAPTER
Evaluating the co-planar display concept

This chapter presents the results from two experiments that were con-
ducted to evaluate the co-planar display concept introduced in Chap-
ter 4. In both experiments, the co-planar display concept is compared
with a display that is very similar, but lacks the visualization of the
interaction between projection planes. The first experiment concerns
an active conflict resolution task, that investigates how operator per-
formance and behavior are influenced by the visualization. The sec-
ond experiment consisted of a passive situation awareness assessment.
Together, these experiments cover each of the three main categories of
situation awareness measures: Explicit, implicit, as well as subjective
methods are used to assess situation awareness.

Paper title  Experimental Evaluation of a Co-planar Airborne Separa-
tion Display

Authors J. Ellerbroek, K. C. R. Brantegem, M. M. van Paassen, N. de
Gelder, M. Mulder

Published in IEEE Transactions on Human-Machine Systems, Vol. 43,
No. 3, May 2013, pp. 290-301
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Abstract:  Two experiments, an active conflict resolution task and a passive sit-
uation awareness assessment, were conducted that compared two versions of a con-
straint-based co-planar airborne separation assistance display. A baseline display
showed a maneuver space based on two-dimensional projections of traffic and perfor-
mance constraints. A second augmented display also incorporated cutting-planes
that take the dimension orthogonal to the projection into account, thereby providing
a mote precise visualization of traffic constraints. Results showed that although pi-
lots performed well with either display, the augmented display scored consistently
better in terms of performance, efficiency of conflict resolutions, the amount of er-
rors in initial resolutions, and the level of situation awareness compared to the
baseline display. On the other hand, more losses of separation were found with the
augmented display, as pilots tried to maximize maneuvering efficiency according to
the precision with which constraints were visualized.

5-1 Introduction

In an ongoing study on the design of a three-dimensional separation as-
sistance interface, a constraint-based co-planar display was proposed that
presents constraints on maneuvering in a ‘velocity action space’, that is over-
laid on traditional moving-map displays [1]. The co-planar display is a com-
bination of previous single-plane presentations [2, 3], with additional visu-
alization of the interactions that exist between these planes. The evaluation
of this display is the topic of this paper.

To meet the demands set by current plans for highly-automated con-
flict resolution [4, 5], such a self-separation interface should enable pilots to
monitor separation, select and apply resolution advisories, but also judge
the functioning of the separation assurance automation. This means that
although automation will provide resolutions, pilots will ultimately be re-
sponsible for the validity of those resolutions. Several studies argue that
this requires transparent and understandable functioning of automation [6—
9]. The interface should provide a window to the reasoning and functioning
of the automation, to ensure proper situation awareness (SA), and to keep
pilots “in-the-loop” [10-12].

The constraint-based displays proposed in this study aim to improve pi-
lots” understanding of automated resolutions, by helping them understand
how different elements in the work environment interact, and shape the
possibilities for conflict resolution. These data invariably form the premise
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on which automation bases its actions, and are therefore essential when au-
tomation functioning needs to be judged.

The focus of an evaluation study of such a display should therefore lie
on how the elements of the display affect the pilot’s awareness and under-
standing of the traffic situation. In the current study, two experiments are
presented to serve this purpose. An active conflict resolution experiment
was performed to evaluate how operator performance and behavior are in-
fluenced by the visualization. The second experiment consisted of a passive
situation awareness assessment, and a questionnaire. The methods that were
used to assess SA are also presented in this paper.

In both these experiments, two displays were compared that are very
similar, and differ only in the visualization of interactions of constraints.
The resulting comparison should illustrate the main addition in the co-pla-
nar concept, that sets it apart from its two-dimensional predecessors, i.e.,
visualization of the interactions that exist between planes of projection. Al-
though the ‘baseline” display condition will lack certain information com-
pared to the ‘augmented’ co-planar display, there are no other, more equal
alternatives to compare the co-planar concept with. Other existing display
concepts either only show explicit resolution advisories, or show only one di-
mensional constraints, and are therefore even less detailed than the baseline
condition in this study [13-16]. Although some degree of bias is unavoid-
able in this kind of comparison, the experiments were designed to minimize
this effect.

The work presented in this paper will employ this comparison to fo-
cus on the effect of the additional interaction visualizations on the perfor-
mance, behavior, and situation awareness of pilots in the task of airborne
self-separation. The following section introduces the co-planar display. Sec-
tion 5-3 discusses the topic of situation awareness measurement methods,
and presents the methods that were used in this study. Sections 5-4-5-7 de-
scribe an active conflict resolution experiment and its results, and a passive
situation awareness assessment and its results, respectively. The paper ends
with a discussion on the results, and conclusions from the experiments.
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Figure 5.1: Concept for a co-planar separation assistance display. This figure shows a
HSD (@) and a VSD (@), with added separation assistance overlays. Relative intruder
locations are indicated using TCAS-like symbology (®). ® and @ are the horizontal and
vertical State-Vector Envelope, respectively. ® is the reduced forbidden area on both on
the HSD and the VSD. @ is the projected forbidden area on both displays. ® represents
the ownship state vector.

5-2 The interface

Figure 5.1 illustrates the co-planar display concept that was evaluated in this
study. It consists of a concept for a self-separation interface, that presents
separation-related constraints and relations on a co-planar display [1]. Im-
portant elements of the display are numbered in the figure, and will be
described in the remainder of this section. This display concept is part of an
ongoing study on the design of a three-dimensional separation assistance
interface, that uses work-domain analysis tools to identify constraints and
relations relevant to the separation task [17].

In this display concept, the three-dimensional traffic situation is visual-
ized in two orthogonal, two-dimensional views: a top-down view (@), and a
side view (®). Both views present a classical ownship-centered moving map,
that shows spatial information such as the planned route and the relative
positions of other aircraft (®). In addition, constraints on ownship maneu-
vering are shown on both displays through velocity action-space* overlays

*The term ‘velocity action-space’ refers to the vector space containing all possible velocity
vectors. The State-Vector Envelope describes the reachable subset of this vector space [1].
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(@, ®©). These overlays are referred to as State-Vector Envelopes (SVEs) in
the remainder of this text.

The horizontal SVE (®) shows the horizontal maneuver space, in terms
of track angle and airspeed. The boundaries of this action space are deter-
mined by the aircraft performance limits: The aircraft minimum and max-
imum operating speeds result in the concentric circular boundaries of the
SVE. The vertical SVE (®) shows a vertical maneuvering space, in terms of
airspeed and vertical speed. Similar to the horizontal SVE, the boundaries
of the vertical SVE are also determined by aircraft performance limits. The
vertical edges of the SVE result from the limits on aircraft airspeed. The
curved edge at the top of the vertical SVE visualizes the maximum obtain-
able steady climb at each velocity. The bottom edge indicates steady descent
at idle thrust for each velocity. The area within these envelopes describes all
reachable velocity vectors.

Intruder aircraft that are within detection range will reduce the available
maneuver space in the horizontal and vertical SVEs. The reduced forbidden
areas (RFAs) (®) give the most precise representation of these constraints,
because they incorporate the influence of the conflict geometry perpendic-
ular to the respective projection plane [1]. On the Horizontal Situation Dis-
play (HSD), a RFA gives the constraints imposed by an intruder on ownship
track angle and airspeed (@), for the current value of ownship vertical speed.
On the Vertical Situation Display (VSD), a RFA gives intruder-imposed con-
straints on ownship airspeed and vertical speed (@), for the current ownship
heading. The RFAs result from the intersection between a flat cutting plane,
and the three-dimensional forbidden area: a compound of two slanted coni-
cal shapes, aligned with the top and bottom of the intruder protected zone.
The shapes that result from this intersection range from circles, to ovals, to
open-ended hyperbolic curves.

The projected forbidden areas (@) are shown in combination with the
RFAs, and provide several SA-related cues, as well as an outer limit on the
shape and size of the RFA, when a flight parameter perpendicular to the
corresponding projection plane is modified [1, 18].

Conflict urgency is explicitly indicated on the display using intruder
symbology similar to the existing Traffic Collision Avoidance (TCAS) sys-
tem [19]. In addition, conflict urgency is also indicated using color coding
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for all of the display elements that correspond to one intruder. This means
that the aircraft symbols on both displays, as well as the forbidden area tri-
angles and RFAs on both displays are colored according to the urgency of
the conflict between ownship and the corresponding intruder.

5-3 Measuring situation awareness

The topic of situation awareness has stirred much debate in the past two
decades. Several different definitions have been proposed, as well as varying
methods aimed at measuring SA. In his review report, Uhlarik provides an
extensive comparison of these definitions and methods [20].

The current work will employ Endsley’s levels of situation awareness,
which are a part of her definition of SA. She proposed that “Situation aware-
ness is the perception of elements in the environment within a volume of
time and space, the comprehension of their meaning, and the projection of
their status in the near future” [21].

Endsley’s definition differentiates between three levels: The first level of
SA describes the perception of the status, attributes, and dynamics of relevant
elements in the environment. The second level is the comprehension of the
significance of the level 1 elements on the operator goals. The ability to
project the future state of the elements in the environment forms the third
level of SA.

Although Uhlarik argues that the use of Endsley’s model to describe SA
has its limitations [20], the distinction between levels of SA is very valu-
able when assessing to what extent pilots utilize higher level information
on the display, and how they relate this information to functional goals. As
suggested by Flach, these levels of SA will therefore be used to categorize
observed behavior in the experiment, rather than using an SA model to ex-
plain behavior [20, 22].

Most studies differentiate between three main categories of SA measure-
ment methods: explicit methods, implicit methods, and subjective methods
[20]. Explicit methods require subjects to report relevant parameters from
memory, implicit methods infer level of SA from performance measures, and
subjective methods ask subjects to self-rate their situation awareness. Each
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category of measurement method has its benefits and drawbacks, which is
why Uhlarik argues for the use of multiple methods to ensure validity of
results [20]. This study will therefore use methods from each category to
assess SA.

Current explicit SA measures either require subjects to recall specific
events after an experiment run is finished, or assess situation awareness
on-line, while the experiment is running. A downside of retrospective me-
thods (measuring after the actual run) is that the measurement is only as
accurate as the memory of the pilot. That is, in an experiment with long
runs, retrospective measurements are subject to forgetfulness and false rec-
ollections. On-line methods, on the other hand, can influence the pilot task
being performed in the experiment. By having participants attend to partic-
ular information on the interface, these measures can cause participants to
behave differently than they would otherwise [20, 23].

To mitigate the downsides of these methods, participants in this study
will each perform two experiments, that separate the explicit from the im-
plicit SA measurements. In the main experiment, subjects actively resolve
conflict situations in a real-time simulated environment. The results from
this experiment will be used to analyze resolution strategies, performance,
and safety metrics. The performance measures will be used as implicit in-
dicators of level of SA. In an additional passive experiment, subjects are
presented with static conflict situations, each accompanied with a set of
time-limited, multiple-choice SA questions, that are centered around Ends-
ley’s levels of SA. The resulting measures will be used to compare the dis-
play variants in terms of how they influence situation awareness. In a final
post-experiment questionnaire pilots are given the opportunity to self-rate
their situation awareness. By separating the explicit SA assessment from the
active experiment, behavior in the main experiment no longer runs the risk
of being directed by particular SA queries, and the explicit measurements
are not hampered by the drawbacks of retrospective SA assessments.

5-4 Experiment I: Active conflict resolution

To evaluate the co-planar display concept, a traffic separation experiment
was performed, where pilots were placed in conflict situations with a loss
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of separation in the medium to short term future (3-5 min). Each session
consisted of a continuous presentation of four consecutive conflict scenarios,
that needed to be resolved manually, with the aid of a co-planar separation
assistance display. Traffic conflicts were always between a single human
actor, and simulated conflicting traffic.

5-4-1 Apparatus and aircraft model

The experiment was performed on the Apero flight simulator of the Na-
tional Aerospace Laboratory (NLR). The Apero is a fixed-base flight sim-
ulator, featuring five high-resolution touch screens, and a large (52 inch)
screen that provides the outside visual. The left-hand seat, primary display
showed a conventional Airbus Primary-Flight Display (PFD) and the co-pla-
nar HSD/VSD display concept. The copilot display was disabled during the
experiment. The middle vertical screen showed the Electronic Centralized
Aircraft Monitor (ECAM) instruments. The touch screens on the pedestal
showed several instruments, such as the Multifunction Control and Display
Units (MCDU's) and the radios.

Pilots controlled the aircraft through an Airbus style Flight Control Unit
(FCU), located on the glare shield above the center touchscreen. An Elec-
tronic Flight Instrument System (EFIS) panel situated to left of the FCU al-
lowed pilots to switch between display modes and change the display range.
On the pedestal, a trackball was available to select and highlight intruder
information on the co-planar display.

The aircraft model that was used during the experiment was a propri-
etary nonlinear six degree of freedom Airbus A320 model, developed at
the NLR. Intruder aircraft were modeled by point-mass models[24]. Model
coefficients for these point-mass models were obtained from EUROCON-
TROL’s BADA aircraft database [25]. The experiment was conducted with
zero wind, and no turbulence. Although wind conditions will impact ma-
neuverability, these effects were considered out of scope for the current eval-
uation. The own aircraft flew at altitudes between flight level FL220 and
flight level FL320. This flight level range was chosen so that airspeed and
vertical speed still had usable margins between minimum and maximum op-
erating speed, and between maximum climb and descent rates, respectively.
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Figure 5.2: The horizontal SVE for the baseline (a) and the augmented display (b).
The baseline display shows two dimensional projections of constraints (called forbidden
areas (FA). The augmented display gives more precise constraints (called reduced for-
bidden areas (RFAs)) that take the dimension orthogonal to the projection into account.
The differences on the VSD are similar to the differences on the HSD. The two display
conditions are otherwise equal.

5-4-2 Independent variables

Throughout the experiment, two independent variables were varied. Display
type was a factor with two levels: on the co-planar separation assistance
display, the RFAs could be either present or absent, see Figure 5.2. Here, the
display without RFAs was used as a baseline condition. The second factor
was conflict geometry, which featured six levels. Scenarios differed in phase of
flight, and difficulty. The phase of flight was either climb, cruise, or descent.
A further distinction was made between simple and difficult scenarios. Simple
conflicts always featured only one intruder, whereas in difficult scenarios,
three intruders were present in each scenario. Table 5.1 gives a summary of
these scenarios.

Table 5.1: Conflict geometries experiment .

intruder Climb Cruise Descent

Simple acl 200/64/-8 270/-35/7 120/-44/0*

acl 25/69/0  100/-40/8 100/-74/5*
Difficult ac?2 210/-21/5 20/-15/6  60/-34/-8*
ac3 138/24/0 270/59/-10 280/-54/8*

*Values are: Ay [°], Ah [x100ft], V/S [x100ft/min]
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5-4-3 [Experiment design and procedure

The experiment was designed as a within-subjects repeated-measures, where
factors display type and conflict geometry were varied. The display type factor
was introduced to illustrate the effect of the additions that the co-planar dis-
play concept features compared to the original two-dimensional separation
displays. The conflict geometry factor was divided in phases of flight (climb,
cruise, and descent), and subdivided in simple and difficult scenarios. In the
simple scenarios, pilots were not expected to benefit substantially from the
RFA visualization. Only in more difficult scenarios it was expected that the
advantages of the RFA visualization would become noticeable. This resulted
in 12 conditions (2 x 3 X 2).

After a briefing on the experiment and the functioning of the separation
display, subjects performed approximately one hour of training. The experi-
menter would end the training session based on observed performance, and
the subject’s answers to informal scenario-related questions. To avoid mem-
orizing effects, but still reach a stable level of performance and sufficient
understanding of the information presented by the separation assistance in-
terface, separate example scenarios were used for training. During the exper-
iment, conflict scenarios were presented in a randomized block design, and
conflict geometries were mirrored between display conditions. Trials were
combined in four blocks of four sequential conflict scenarios. Each block
started with a climb from flight level FL220 to flight level FL320, at 1,000
ft/min, followed by a cruise segment, and then a descent back to flight level
FL220, again at 1,000 ft/min. Each block featured one conflict in the climb
segment, two conflicts in the cruise segment, and one conflict in the descent
segment. Starting times were different for each conflict to make it less ev-
ident for pilots when to expect each new conflict. A block lasted about 40
minutes.

The display type factor was kept constant over two blocks: first two blocks
with one display, then two blocks with the other. The order of presentation
for the display types was varied evenly over the subjects. In all conflict
scenarios, multiple options in both the horizontal and vertical plane were
available to solve the conflict situation, although not all options were equally
fast and efficient. Intruder aircraft never maneuvered in order to solve a
conflict situation, instead they just kept following their initial path.
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5-4-4 Subjects and instructions to subjects

Seventeen experienced glass-cockpit pilots participated in the experiment,
all male. Experience in terms of flight hours per pilot ranged from 3, 000 to
21,000 hours (1=10,000). None of these subjects had any previous experi-
ence with constraint-based displays. Subjects were asked to perform an ex-
periment, where they should resolve traffic conflicts in unmanaged airspace.
They were informed that the results would be used to evaluate a concept for
a three-dimensional co-planar separation display. They were also informed
that intruder aircraft would not participate in the resolution of conflicts.

In a written guide pilots received beforehand, and in a short presentation
prior to the experiment, pilots were briefed on the geometrical concepts
behind the display, how to use the display, and on the experimental setup.
To ensure safe flight, pilots” first and foremost priority was to avoid a loss
of separation at all times. When safety is ensured, pilots could explore their
resolution options to optimize for efficiency. They were instructed to use
the cues from the forbidden area to determine an efficient solution [18], and
that their aim should be to apply a resolution that is appropriate, given the
current phase of flight (i.e., climb, descent or cruise).

5-4-5 Dependent measures

Dependent measures for this experiment consisted of several objective mea-
sures. Resolution strateqy was measured in terms of own aircraft velocity
vector change dimensions, which could be any combination of a change
in heading, speed and vertical speed. Path deviation, initial reaction time,
and resolution duration were used as measures of performance. The path
deviation metric differentiates between horizontal and vertical maneuvers:
For horizontal maneuvers, the path deviation was characterized by the ad-
ditional distance flown. In case of a vertical maneuver during the climb or
descent phase, the mean deviation from the prescribed vertical speed was
used. For cruise conflicts, the maximum altitude deviation from the cruising
level was measured. Pilot reaction time (the time between the start of a con-
flict and the first selection of a resolution maneuver) and the total time of the
resolution maneuver (the time between leaving and rejoining the reference
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trajectory) were used as metrics that allow for comparison between verti-
cal and horizontal maneuvers. Safety was measured in terms of minimum
separation, and the occurrence of losses of separation.

5-4-6 Experiment hypotheses

Several studies involving manual (horizontal) conflict resolutions found that
pilots prefer single-axis maneuvers, keeping velocity constant [18, 26-28]. It
was therefore hypothesized that the majority of the maneuvers would be
either heading-only, or vertical speed-only (H1-1). It was also hypothesized
that the resolution dimension would depend on phase of flight, i.e., that
climb and descent conflicts would be solved vertically and cruise conflicts
would be solved horizontally (H1-2).

Differences between the baseline display and the augmented display
were only expected during difficult scenarios (scenarios with multiple in-
truder aircraft, which are both off-level and off-track). It was therefore
hypothesized that performance would be improved with the augmented
display in difficult scenarios (H1-3). Because the RFAs show more precise
constraints than the projected forbidden areas, it was also hypothesized that
they would result in smaller separation distances at the Closest Point of Ap-
proach (CPA) (H1-4), as previous studies showed that the precision with
which constraints are presented is used by pilots to optimize their efficiency
[18, 29]. The number of separation violations was hypothesized to be low,
regardless of display type (H1-5).

5-5 Experiment I: Results

Kolmogorov-Smirnov tests on the ratio data results revealed that for none
of the cases a normality assumption could be made (altitude deviations,
response times and resolution times, p < 0.001 in each case). Therefore,
only non-parametric tests were used: the Wilcoxon Signed-Rank test (test
statistic z) for metrics based on ratio data that did not depend on the chosen
evasive maneuver (e.g., pilot response time), and the Wilcoxon rank sum
test (test statistic W) for all other metrics based on ratio data. Pearson’s
chi squared test (test statistic x?) was used for categorical metrics. Effects
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were considered significant at a probability level p < 0.05, where p is the
probability that the null hypothesis is true.
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Figure 5.3: Solution strategy for simple conflicts, sorted by scenario and display type (A
= augmented, B = baseline) along the abscissa. The scale on the ordinate axis gives the
occurrence in percent of the total per scenario, the absolute values are indicated inside
the bars.

5-5-1 Resolution strategy

The resolution maneuvers in the experiment can be grouped by the flight
parameters that were changed to resolve each conflict. The available maneu-
ver options are heading, speed and vertical speed (V/S) changes. Although
a resolution maneuver can consist of any possible combination of these pa-
rameters, speed-only maneuvers were never observed, and three-way com-
binations were rare. Therefore, Figure 5.3 and Figure 5.4 show resolution
strategy divided into five levels: vertical maneuvers (with and without speed),
horizontal maneuvers (with and without speed), and combined horizontal and verti-
cal maneuvers. Maneuver selection will depend on conflict geometry, aircraft
performance limitations, phase of flight, and personal or airline preference.

Figure 5.3 shows the maneuver choice for the simple cruise, climb and
descent scenarios. Each of these scenarios featured a conflict with a single
intruder. The majority of the maneuvers for the climb and descent scenarios
were V/S-only, regardless of display type (82% - 94%). With one exception,
the direction of the change in V/S was always the same: the climb conflict
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was always solved by increasing the rate of climb, and the descent conflict
by decreasing the rate of descent. These choices correspond to the smallest
available state change for the current conflict, an efficiency strategy given to
the subjects during the briefing. They can, however, also be an indication of
a preference for ‘staying high’, to optimize for fuel efficiency.

Although the spread in solution strategy was larger than in the climb
and descent scenarios, the majority of the resolutions in the simple cruise
scenario was still heading only (baseline display 53%, augmented 65%). As
was hypothesized (hypothesis H1-2), phase of flight was an important factor
when deciding on a solution strategy. Comparison between the cruise sce-
nario and the vertical scenarios showed a significant difference in resolution
decisions (x2(2) = 56.9, p < 0.001). Comparison between displays did not
reveal significant effects for simple conflicts.
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Figure 5.4: Solution strategy for difficult conflicts, sorted by scenario and display type
(A = augmented, B = baseline) along the abscissa. The scale on the ordinate axis gives
the occurrence in percent of the total per scenario, the absolute values are indicated inside
the bars.

Figure 5.4 shows the maneuver choice for the difficult cruise, climb
and descent scenarios. These scenarios each featured multiple intruders,
of which only one was causing a conflict with ownship. In these scena-
rios, intruder aircraft were all off-level and off-track, making the maneuver
space presented on the augmented display significantly different from the
presentation on the baseline display. On the baseline display, this resulted



Evaluating the co-planar display concept 143

in a considerable portion of the SVEs being colored, which increases the
perceived severity of the conflict.

In terms of resolution strategy, the difference between the displays is vis-
ible in the number of multi-axis resolutions (V/S+SPD, HDG+SPD, or com-
bined), which were used significantly more often with the baseline display:
77% for the baseline display, compared to 43% for the augmented display, for
the climb, cruise, and descent scenario combined (x?(1) = 11.8, p = 0.001).
Most of these multi-axis resolutions were sequential maneuvers, rather than
a single combined maneuver, regardless of display type. In other words, pi-
lots often changed their minds after an initial resolution. The high number
of multi-axis resolutions, therefore, doesn’t necessarily refute the hypothesis
of single-axis maneuver preference (H1-1), as the initial resolution maneu-
ver often was single-axis. It is likely that lack of training plays a large role
in this result. The difference between displays in the number of multi-axis
resolutions can also be indicative of reduced situation awareness with the
baseline display.

Based on pilot comments during the experiment, the multi-axis maneu-
vers can be classified into two categories. For the baseline display, the most
often heard comment was that a pilot realized that he had made a wrong
initial maneuver. This was either a maneuver that did not resolve the con-
flict, or a maneuver that resulted in a very inefficient resolution. A second
category of maneuvers were from pilots that attempted to increase efficiency,
by maneuvering in an additional direction.

Phase of flight also significantly influenced maneuver strategy in the
difficult scenarios (x>(2) = 6.3, p = 0.04). The cruise conflict was solved
horizontally (32.4%) almost twice as much as vertically (17.6%). Similarly,
the climb and descent scenarios were more often solved vertically (39.7%)
than horizontally (16.2%).

5-5-2 Safety

The separation between aircraft at the closest point of approach, compared
to the minimum safe distance, was used as a measure of safety. To allow
for comparison between horizontal and vertical separation, each measured
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Figure 5.5: Cumulative distribution graph of normalized minimum separation values.
Minimum separation occurs at the closest point of approach, which is indicated as a ratio
of the separation minimum along the abscissa. The number of aircraft is indicated along
the ordinate axis, counted in percent of the total number of aircraft. The hatched area
on the left of the graph indicates the values of CPA that violate the minimum separation
constraint.

value is normalized by their respective separation minimum (5 nmi horizon-
tal, and 1,000 ft vertical separation). For each measured CPA, the largest*
of both normalized separation values was used. Figure 5.5 shows a cumu-
lative distribution graph of the normalized CPA values, for the augmented
and baseline displays.

*For example, if vertical separation is equal to zero, but horizontal separation is much
larger than the separation margin, then both aircraft are still safely separated. The largest
normalized separation value is therefore the most relevant parameter.
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The separation minimum was violated in eight out of 272 measured tri-
als, twice with the baseline display, and six times with the augmented dis-
play. In all eight cases, this occurred during a premature return to the nomi-
nal track, after resolving the conflict. In all cases, the incursion was minimal
(all within 10% of the separation minimum, and 6 less than 1%). A common
practice that was observed in this, but also in previous experiments with a
constraint-based display [18, 29], was that after resolving a conflict, pilots
are inclined to optimize their performance by returning to their nominal
state as soon as possible, in small steps, while staying as close as possible to
the edge of the forbidden area. In these situations, a judgment error can eas-
ily result in a (small) violation of the separation constraint. The difference
between displays in the number of losses of separation was not significant
(x*(1) = 2.1, p = 0.15), but does illustrate that the more restrictive con-
straints presented by the baseline display act as an added safety margin for
this kind of behavior.

5-5-3 Performance

Figure 5.5 also shows that, especially with the augmented display, pilots of-
ten came within close distance of the protected zone of the other aircraft.
With the augmented display, 88% came closer than 1.1 times the separation
minimum, versus 48% for the baseline display. In terms of performance, this
is a strong indication that pilots use the precise visualization of constraints
to optimize the efficiency of their resolution. The difference in CPA dis-
tance between displays was significant (z = —7.22, p < 0.001), supporting
hypothesis H1-4.

Because a direct comparison between path deviation of a horizontal ma-
neuver and path deviation of a vertical maneuver does not make much sense,
results for this performance metric will be divided in horizontal maneuvers
and vertical maneuvers. For horizontal maneuvers, the path deviation was
characterized by the additional distance flown. In case of a vertical maneu-
ver during the climb or descent phase, the mean deviation from the pre-
scribed vertical speed was used. For cruise conflicts, the maximum altitude
deviation from the cruising level was also measured.

As climb and descent scenarios were mostly solved with a change in ver-
tical speed, the mean deviation from the prescribed vertical speed was used
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to observe differences in performance between displays for vertical conflicts.
Although there is a consistent trend of the augmented display performing
better than the baseline display, this difference was only significant in the
difficult descent scenario (W = 24, p = 0.024).

There are several possible reasons for the lack of significance in the re-
maining scenarios. First, because performance penalties of a speed change, a
heading change and a vertical speed change are difficult to compare directly,
the data can only be compared per maneuver category. This reduces the
sample size, and therefore also the statistical power. Second, several times
during the experiment it was observed that with the baseline display, pilots
readjusted their resolution to a point inside the forbidden area, as soon as
they realized that that particular state change was sufficient for conflict res-
olution. Although initially this resolution is only visualized with the RFAs,
these solutions are also indirectly visualized during the state change. The
color of the forbidden area communicates the urgency of a conflict, where a
white forbidden area indicates a non-conflicting intruder. A pilot can there-
fore break off a maneuver as soon as the forbidden area turns white.

Cruise conflicts were solved 14 times out of 68 with a change in vertical
speed. Although the mean deviation from the prescribed vertical speed did
not reveal a significant difference, the maximum altitude deviation did differ
significantly between display types, where the altitude deviation was always
smaller with the augmented display (W = 62, p = 0.029). This is also an
indication that pilots exploit the precise constraint visualization to optimize
maneuver efficiency [18].

For horizontal maneuvers, the path deviation did not reveal a significant
effect for any of the scenarios. The difficult descent and climb scenarios did
show a consistent trend of the augmented display performing better than
the baseline display, but contained too few samples to provide sufficient
statistical power. Although on average, performance was almost equal be-
tween display types for horizontal resolutions of the simple cruise scenario,
the spread was much larger for resolutions using the baseline display. Sim-
ilar to the visualization of the vertical constraints, the horizontal baseline
display also indirectly visualizes the constraints of the RFA. The differences
in spread indicate that although pilots are able to use this indirect visualiza-
tion, they do so less consistently than with the augmented display.
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Table 5.2: Mean reaction and resolution times.

Display x scenario Baseline Augmented
Wreact = 12.0 [5] Wreact = 11.5 [S]
Wreso = 224 [s Wreso = 20.2 [S]

[s]
Wreact = 20.4 [s] Wreact = 15.1 [s]
Hreso = 42.3 [5] Hreso = 33.2 [S]

Simple

Difficult

Reaction time and resolution duration are measures that can be consid-
ered independent of the maneuver dimension, and can therefore be used as
overall metrics to compare the baseline and augmented displays in simple
and difficult conflict scenarios. From these measures, resolution duration
is a measure of performance of a maneuver, and reaction time can be used
as an indication of the difficulty experienced by pilots. Table 5.2 shows the
mean reaction times and resolution durations for both displays in the simple
and difficult scenarios. As hypothesized (H1-3), both these measures show
significant effects of display type for the difficult conflict scenarios, but not
for the simple conflict scenarios. For the simple conflict geometries, the
two display variants show comparable maneuver constraints. It is therefore
not expected that difficulty and resolution performance vary significantly
between display types. For difficult scenarios, results for the augmented dis-
play show significantly shorter reaction times (z = —2.32, p = 0.021), and
significantly shorter resolution durations (z = —2.53, p = 0.012).

5-6 [Experiment II: Passive SA assessment

In addition to the active conflict resolution task, a SA assessment was con-
ducted to obtain explicit measures of SA. In this experiment, pilots were
shown four static conflict scenarios, on both display variants. For each sce-
nario, SA was probed with a timed questionnaire.

5-6-1 Apparatus

The SA assessment was performed on a single computer with a 17 inch
display. The left half of the screen showed a static version of the co-planar
display. Questions and multiple-choice answers were shown on the right
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half of the screen. A countdown timer indicated remaining time for each
question. Pilots could select answers using a regular computer mouse.

5-6-2 Independent variables

Throughout the SA assessment, two independent variables were varied. Dis-
play type was a factor with two levels, which were equal to the display
variants in the active experiment. The second factor was conflict geometry.
Conflicting aircraft could be either on- or off-track, and either on- or off-level,
resulting in four levels (2 x 2), see Table 5.3.

Table 5.3: Conflict geometries experiment .

intruder On-level Off-level
acl 180/0/0 180/60/-17 *
ac?2 0/0/0 180/-25/5 *

acl 300/0/0  30/30/-10 *
ac 2 75/0/0  200/20/-2.5*

*Values are: Ay [°], Ah [x100ft], V /S [x100ft/min]

On-track

Off-track

5-6-3 [Experiment design and procedure

The SA assessment followed immediately after the active experiment. It con-
sisted of a time-limited SA query. Subjects were shown static conflict scena-
rios, each accompanied with thirteen time-limited multiple-choice questions
regarding the geometry of the conflict, and regarding possible resolutions.
At the beginning of each new scenario, subjects were given thirty seconds
prior to the first question, to analyze the new conflict situation. During the
questions the co-planar display remained visible, i.e., the screen was not
blanked. After the assessment, subjects were asked to fill in a questionnaire.

Similar to the active experiment, the SA assessment was designed as a
within-subjects repeated-measures, where factors display type and conflict ge-
ometry were varied. Again, the augmented display was compared against a
baseline display, resulting in two levels for the display type factor. The conflict
geometry factor had four levels. Scenarios were always with two intruding
aircraft, of which only one was causing a conflict with ownship. Conflicting
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Table 5.4: Situation awareness grade categorization and interpretation.

Grade Answer Certainty Interpretation
0 Incorrect Sure Misinformed
1 Incorrect Unsure Uninformed
2 Correct Unsure Guess/partially informed
3 Correct Sure Well informed

aircraft were either on- or off-track, and either on- or off-level, resulting in
four different conflict geometries. Pilots were expected to benefit more from
the RFA visualization when conflicting aircraft are increasingly off-track and
off-level. This resulted in 8 conditions (2 x 4).

5-6-4 Subjects and instructions to subjects

The same seventeen subjects participated in this second experiment. Subjects
were asked to study a set of conflict scenarios, and answer a set of geometry
and conflict-resolution related multiple-choice questions. After the assess-
ment, subjects were asked to fill in a form with questions relating to their
opinion about several elements of the display. There was also opportunity
for personal comments and suggestions.

5-6-5 Dependent measures

Dependent measures for this experiment are related to the SA questions, and
a post-experiment questionnaire. The SA questions relate to easily identifi-
able information such as relative intruder position and intruder velocity, but
some questions also required the subject to use information cues to predict
the outcome given the current situation. The questions were categorized
using Endsley’s levels of awareness [21]. The subject’s certainty of his an-
swer was recorded together with the answers, following Hunt’s method of
measuring knowledge [30]. Using this method, the answers from the SA
assessment are graded, and categorized into four groups, see Table 5.4. The
resulting scores were averaged per pilot per level, resulting in three average
SA scores per condition, for each pilot. The response time was also recorded
for each answer.
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The work-domain analysis that preceded the display design identifies
relevant elements and relationships within the work-domain, which are ar-
ranged by level of abstraction [1, 17]. Consequently, relevant SA questions
can also be based on this analysis. As a result, level 1 questions relate to con-
flict geometry (such as intruder location and velocity), and level 2 questions
relate to principal resolution options (can a speed, vertical speed, or heading
change solve the conflict). Level 3 questions for instance require subjects to
evaluate different solutions in terms of efficiency, and choose the best of a
set of solutions.

Measures from the post-experiment questionnaire consisted of useful-
ness ratings for several individual elements of the display, and comparisons
between the displays in terms of clutter, intuitiveness, SA, and workload.

5-6-6 Experiment hypotheses

Because SA level 1 questions relate to elements that are directly perceivable
on both displays, it was hypothesized that the SA score for level 1 questions
would be very high, regardless of display type (H2-1). Since the augmented
display visualizes more higher-level information and relationships, it was
also hypothesized that the SA scores between displays would diverge in-
creasingly, with higher SA levels (H2-2). An interaction with scenario was
expected for this effect, as the difference between displays becomes increas-
ingly pronounced for scenarios with off-level or off-track intruders (H2-3).

Results for the response time were expected to show an interaction be-
tween scenario and question SA level (H2-4). Because the augmented dis-
play reveals relationships in scenarios that are off-level or off-track, which
the baseline display does not show, questions that relate to this information
(i.e., level 3 SA questions) should be quicker to evaluate when using the
augmented display.

5-7 Experiment II: Results

Similar to the first experiment, a normality assumption could not be made
for any of the ratio data (reaction times, p < 0.05 for all SA levels). A Fried-
man two-way ANOVA (test statistic x*) was therefore used to evaluate main
effects of the display factor. The Wilcoxon Signed-Rank test (test statistic z)
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Table 5.5: Comparison between display types of the SA scores.

Level x scenario SA Levell SA Level 2 SA Level 3
X2(1) =04 x2(1) =107 x2(1) =207
Main effect p = 0.540 p = 0.001 p < 0.001
o *ok Hok
z=-0378 z=-055 z=-1.633
On-level/On-track  p = 0.705 p = 0.579 p = 0.102
O [©] [¢]
z=-1000 z=-1016 z=-1173
On-level/Off-track  p = 0.317 p = 0.309 p = 0.241
O [¢] O
z=-1000 z=-188  z=—-2.362
Off-level/On-track  p = 0.317 p = 0.059 p = 0.018
o o *
z=-0136 z=-3430 z= —3.084
Off-level/Off-track  p = 0.892 p < 0.001 p = 0.002
o *ok Hok

** significant; x marginally significant; o not significant.

was used to evaluate the effect of display per scenario. With a Bonferroni
correction of 5* for the SA scores, results were considered significant at a
probability level p < 0.01. Results with a probability level 0.01 < p < 0.05
were considered marginally significant. Response time results were only
analyzed in terms of main effects, resulting in a Bonferroni correction of 2.
Here, results were considered significant at a probability level p < 0.025.

5-7-1 Situation awareness scores

The situation awareness scores from the experiment were grouped using
Endsley’s three levels of awareness [21], and are shown in Figure 5.6, for
each combination of display type and scenario. These SA scores will depend

*A Bonferroni correction implies that the significance level is divided by the number of
tests on a particular set of data. For these results this was one main effects test, and four
post-hoc tests (one for each scenario level).
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Figure 5.6: SA scores, averaged per pilot, and sorted by display type, scenario, and
SA level. The three columns correspond to the three SA levels. The four rows each
correspond to a scenario, as indicated in the bottom-left corner of each row. The scale
on the ordinate axis gives the SA score, see Table 5.4.

on conflict geometry and accuracy of the visualization, but also on other
factors that influence the buildup of SA, such as attention and workload.

As hypothesized (H2-1), the first column in Figure 5.6 shows that the
majority of the subjects (92 - 100%) managed to achieve the highest SA score
for level one questions, regardless of scenario or display. A comparison
between display types for SA level one therefore also did not reveal any
significant effects, see the first column in Table 5.5.
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A main effects analysis (see Table 5.5) showed that, as hypothesized (H2-
2), display becomes a significant factor for SA scores at awareness levels
two and three: As can be seen in Figure 5.6, subjects scored consistently
lower with the baseline display. A post-hoc analysis revealed that this effect
increases when scenarios become increasingly off-level and off-track: Table
5.5 shows that the effect of display is only significant for level two and level
three scores in the off-level and off-track scenario. This supports hypothesis
H2-3, which stated that scenario type would influence situation awareness
scores between displays.

[ Augmented B Baseline

»—|-100 ' '

P | '

-‘%D 50 1 | |

o

9]

5 | |

~ 61 72 36

0 . .
SA Level 1 (n=64)  SA Level 2 (n=96) SA Level 3 (n=48)

Figure 5.7: Percentage of correct and sure answers for the off-track and off-level scenario,
grouped per display type and SA level. The columns in the figure table correspond to
the three SA levels. The scale on the ordinate axis gives the amount of correct and
sure answers, in percent of the total per display type per SA level. Absolute counts are
indicated in the bottom of each bar.

Figure 5.7 illustrates the percentage of correct and sure answers, at each
SA level, for the off-track and off-level scenario. According to Hunt, only
these answers correspond with usable knowledge [30]. Figure 5.7 shows
that, although the augmented display scores consistently higher than the
baseline display, subjects still could not maintain perfect SA with the aug-
mented display, despite the more accurate visualization. This can be —at least
partly— caused by lack of training, combined with the inherent complexity
of the separation problem.

5-7-2 Response time

Figure 5.8 shows the response times for the SA questions, averaged per
pilot, for each combination of display type and scenario. It can be seen that
although a trend in favor of the augmented display is visible in the data, it is
markedly less pronounced than the effect observed for the SA score results.
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Table 5.6: Effects of display and scenario on response times.

SA Level 1 SA Level 2 SA Level 3
X2(1) =11 )(2(1) = 0.04 )(2(1) =0.19
Display p = 0.300 p = 0.851 p = 0.187
(o] (o] (o]
X2(3) =273 )(2(3) =16.2 )(2(3) =109
Scenario p < 0.001 p = 0.001 p = 0.012
Kk *k *k

** significant; x marginally significant; o not significant.

A main effects test therefore also did not reveal a significant effect of the
display factor, see Table 5.6.

The response time results show larger variation between scenarios and
SA levels. The response time increases with increasing conflict complexity,
as well as with increasing SA level. A main effects test showed that the
effect of scenario is significant for all levels of SA, see Table 5.6. These
results therefore indicate that difficulty is a determining factor for response
time, but that the augmented display does not enable subjects to evaluate
complex situations more quickly.

5-7-3 Post-experiment questionnaire

The post-experiment questionnaire allowed subjects to give an overall rating
of each display in terms of usability, and to express their preference for either
display in terms of clutter, intuitiveness, situation awareness, and workload.
They were also asked to rate the usefulness of several individual elements
of the display. Although the sample size of 17 subjects is too small to obtain
reliable results for such subjective data, these results can be used to highlight
persistent trends and opinions.

Both in the overall display ratings and the display preference questions,
the augmented display scored consistently better than the baseline display.
An often-heard comment was that subjects could better relate information
between the two displays with the augmented display, than with the base-
line display. Aside from preference with regard to clutter, subjects preferred
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Figure 5.8: Response times, averaged per pilot, and sorted by display type, scenario,
and SA level. The three columns correspond to the three SA levels. The four rows each

correspond to a scenario, as indicated in the bottom-left corner of each row. The scale
on the ordinate axis gives the response time in seconds.

the augmented display almost without exception (94-100%). Preference for
the augmented display with regard to clutter was slightly lower (76%). Here,
several subjects indicated that they did not prefer either display. One pilot
remarked that while the RFAs in the augmented display increase clutter, it
was ‘good clutter’. This is consistent with Tufte’s views on the use of visual
details (“To clarify, add detail”) [31]. Most pilots mentioned, though, that
some form of de-cluttering would be essential in high-density traffic situa-
tions (i.e., more than the 3 intruders in the current experiment). In terms of
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SA, subjects mentioned that the RFAs allowed for a quicker assessment of
the consequences of specific resolutions.

When asked to rate the usefulness of individual elements of the display,
the majority of the subjects assigned the highest rating to the more conven-
tional intruder symbols. The intruder symbols on the VSD, however, were
mostly rated lower than the same symbols on the HSD. This is an indication
that even though subjects have a very positive attitude towards the new dis-
play, and the novel visualizations, they remain biased towards appreciating
familiar functionality.

Most subjects also used the opportunity to give one or more suggestions
for future design iterations of the co-planar display concept. A suggestion
that was prompted by almost every subject was to add the ability to zoom
in on the SVEs (especially on the HSD, where it was smallest in the current
simulation). An other repeated suggestion related to the addition of intent
information: subjects indicated that they would appreciate the ability to see
where intruders that are climbing or descending would level off, and the
consequences of the own aircraft leveling off at a certain altitude. Finally,
several subjects were interested to know how the concept would function
when all aircraft in a conflict would use such an interface, a set-up that
has already been investigated in an earlier experiment for purely horizontal
maneuvers [18].

5-8 Discussion

The displays in this study are designed to help a pilot understand the rea-
soning behind automated decisions, by showing constraints and relation-
ships within the work domain. This work domain information invariably
forms the premise on which automation bases its actions, and is therefore
also invaluable to pilots when they need to judge the automation’s function-
ing. Although this experiment did not feature automated conflict resolution,
and can therefore not be used to evaluate interaction between human and
automation, the pilots’” resolution decisions do give insight in how the infor-
mation on the display is used by pilots, and how it affects their SA.
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The objective measures presented in this paper show several trends. An
effect that is seen in several other studies was that many resolution maneu-
vers were single-axis. Current results showed, however, that this effect di-
minished for more difficult scenarios. It can be argued that this was mostly a
training issue, as pilot comments during the experiment often indicated that
an erroneous initial resolution choice was made. Several pilots also men-
tioned in the post-experiment questionnaire that more training would be
required to be able to understand and properly use the interface. Occasion-
ally, pilots also initiated a multi-axis maneuver ‘just to see what happens’,
which can be considered an artifact of volunteer test subjects in an experi-
ment. In some cases pilots indicated that they made a multi-axis maneuver
to improve efficiency. Path deviation measurements, however, showed that
this was never the result.

Although difficult scenarios resulted in more multi-axis maneuvers, this
effect did depend on display configuration, where multi-axis maneuvers
were made more often with the baseline display. Since many of the multi-
axis maneuvers were corrections of an erroneous initial single-axis maneu-
ver, this can be an indication that, with the same (limited) level of training,
pilots performed better with the augmented display. They made fewer er-
rors, indicating a beneficial effect on traffic awareness of the augmented
display.

As hypothesized (H1-2), phase of flight had a significant effect on reso-
lution choice, regardless of scenario difficulty. This preference can be seen
as the result of a procedural constraint (i.e., phase of flight) that is however
not directly visible on the display. This indicates that pilots can use the pre-
sented constraints, and apply them to other rules and procedures. This is
classified by Rasmussen as Rule Based Behavior [32]. Ideally, the interface
should support pilots at all levels of cognitive behavior, while not forcing
them to control at a higher level than necessary [33].

A persistent result found in this experiment, and earlier experiments
with a constraint-based display, is that after reaching a conflict-free state,
the majority of the subjects returned to their original track in several small
steps, following the edge of the constraint area as closely as possible [18, 29].
This behavior can be attributed to showing precise constraints: when ma-
neuver limits are visualized with high precision, human operators will use
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that precision to maximize their efficiency. As a result, the majority of the
CPA’s stay within 110% of the separation margin (augmented 88%, baseline
48%). This "hunting” behavior, however, also gives rise to judgment errors,
and consequently also losses of separation, which occurred 8 times in the ex-
periment. Although the incursions were very small, this is still an undesired
side effect of showing precise constraints. Another possible influential factor
in this behavior relates to the perceived severity of a violation. A minimal
incursion of a separation limit will be judged differently than for example a
violation of the minimum airspeed limit. As a result, pilots may permit the
occasional (minor) loss of separation, in order to increase efficiency.

The experiments in this study compared two displays, where the main
difference between the two was the accuracy of the presented constraints.
Where the augmented display presented precise constraints, the baseline dis-
play was more conservative. Because the color of a forbidden area commu-
nicates the state of conflict (white areas indicate non-conflicting intruders),
subjects were able to find resolutions with the baseline display that were still
inside of the presented constraints. Several subjects who started the experi-
ment with the baseline display, sometimes applied this same strategy with
the augmented display (searching for solutions within a constraint area).
With the RFAs, however, this is never a valid option. This type of mode or
strategy confusion can become an issue in comparative experiments, where
levels of an independent factor lie very close to each other. This effect should
be taken into account for such experiments.

The SA assessment revealed that display becomes a significant factor in
complex scenarios, for high-level SA probes. These scenarios consist of off-
track and off-level geometry, which reveal the difference between the basic
triangular forbidden areas and the RFAs. In these situations, even though
the baseline display and the augmented display present the same type of in-
formation (horizontal and vertical maneuvering constraints), they differ in
the accuracy of that information. Although the extra information that is hid-
den in the baseline display can still be derived to some extent, this requires
additional cognitive work. The fact that response time was not influenced
by display type (even though pilots indicated in the post-experiment ques-
tionnaire that the RFAs allowed them to quicker assess the consequences of
resolution maneuvers), however, indicates that subjects used the presented
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constraints on both displays in the same way. The differences in SA scores
therefore mostly relate to the accuracy of the constraints.

Although the augmented display scores consistently higher than the
baseline display, SA scores still drop with higher SA levels. This is in line
with a notion put forward by Vicente, who states that ecological interfaces
were never intended to be used by untrained operators [34]. Proper training
is therefore an important issue for these concepts and their evaluation. The
fact that many subjects assigned the highest usefulness ratings to the more
classical TCAS symbols can therefore also indicate that they do not fully un-
derstand what information is required to perform the new task of conflict
resolution, and what this means for the requirements on the visualization
of this information. Nevertheless, resolution performance was high, even
with insufficiently trained subjects. Because these kinds of displays make
several complex relationships directly perceivable, they relieve pilots from
cognitive work. This transforms tasks that ordinarily require SA at the pro-
jection level to simple tasks of perception and observation, allowing pilots
to perform well, despite insufficient training.

In comparison with the baseline display, the augmented display reveals
more properties and relations that are inherent to the work-domain. In
the search for a display that properly supports pilots” SA, the trade-off will
always be between showing more information on the one hand, and main-
taining a clear, understandable and uncluttered display on the other hand.
The results in this study show that performance and SA benefit from the im-
proved accuracy of the constraint visualizations, and that pilot behavior is
consistent with previous evaluations of constraint-based displays. Together
with the preference ratings from the post-experiment questionnaire, these
results also give no indication that this increased accuracy forms a problem
in terms of display clutter. Nevertheless, future design iterations should
continue to focus on the trade-off between information density and clutter.

5-9 Conclusions

An experiment was conducted to evaluate a concept for a constraint-based
co-planar self-separation display. The display shows performance and traffic
constraints on maneuvering, as well as interactions between the two planar
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projections. A comparison was made between this concept and a baseline
display that did not show these interactions, in an active conflict resolution
experiment, and a passive SA assessment.

Results showed that although pilots performed well with either display,
performance was consistently better with the augmented display: resolu-
tions were more efficient, pilots made fewer errors in their initial resolutions,
and situation awareness scores were higher. Similar to previous studies, a
preference for single-axis maneuvers was found, although this effect was
smaller for difficult scenarios.

A persistent effect observed with this and other constraint-based dis-
plays is that pilots use the precision of the constraint visualization to opti-
mize their efficiency. This type of behavior sometimes leads to over-opti-
mization, and can cause minor losses of separation.
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CHAPTER
Implicit coordination in manual airborne separation

Most of the concepts that preceded this research, as well as the concepts
presented in this thesis, are evaluated one way or another, with a num-
ber of professional pilot subjects, who are asked to resolve conflicts with
simulated traffic. Because conflicts are resolved in a decentralized fash-
ion, however, coordination between actors in each conflict is no longer
trivial, especially when manual conflict resolution is concerned. This
chapter, therefore, describes an experiment that evaluates the horizontal
separation assistance display concept described in Chapter 2, in a set of
conflict scenarios where all aircraft in each conflict were controlled by
actual pilots.
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Abstract:  In the past, several cockpit display concepts have been developed, as
aids in the task of airborne self-separation. In several of these concepts, the interface
helps the pilot solve the conflict, as opposed to automation providing an explicit
resolution. Especially in the absence of automated resolutions, (implicit) interac-
tion between the actors in a conflict becomes an important factor. An experiment
was conducted to evaluate an EID-inspired, constraint-based separation assistance
display, where all aircraft in each conflict were controlled by pilot subjects. In the
experiment, several conflict scenarios have been evaluated, where coordination be-
tween pilots could either follow implicitly from the conflict geometry presented by
the interface, or require additional, explicit rules (“rules of the air”) to be solved
in a coordinated fashion. Similar to previous studies, results showed a considerable
preference for single-axis maneuvers. Also, difficulties with implicit coordination
occurred for conflict geometries that do not clearly fall into a single category of
coordination rules.

6-1 Introduction

Current ATM concepts for unmanaged airspace propose that aircraft should
fly completely predetermined four-dimensional trajectories. Automated sys-
tems should provide resolution advisories for traffic (or other) conflicts that
may result from uncertainties that arise during the en-route part of flight
[1, 2]. In this situation, the pilot’s task will be one of monitoring sepa-
ration, and selecting and applying resolution advisories, provided by the
automation. He should, however, be able to judge the fidelity of a proposed
resolution, and be able to intervene in case the automation fails.

Furthermore, because conflicts will be resolved in a decentralized fash-
ion, determining the resolution to a conflict will require coordination be-
tween the actors in that conflict. This means that for automated, as well as
for manual conflict resolution, predictability of decisions will be essential
to guarantee an acceptable level of safety. In situations where there is no
opportunity for negotiation, implicit coordination will be required, e.g., by
following a predetermined set of rules that dictate which aircraft should ma-
neuver (or both), and how they should maneuver. In worst-case scenarios,
pilots will have to manually determine resolution maneuvers, for instance
when the automation has failed, or for other reasons that make pilots de-
cide to resolve a conflict manually. This poses limits on the complexity of
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the coordination rules. For automated resolution advisories, high rule com-
plexity can make it difficult for pilots to understand the rationale behind
resolution advisories, potentially resulting in non-conformance and distrust
of the system [3-5].

For adequate situation awareness, proper interaction with automated
systems, and for reliable interaction between actors in a conflict, it is there-
fore necessary for regulation and automation to be transparent and under-
standable to the human operator [6-9]. The work presented in this paper is
part of an ongoing study on the design of a separation assistance interface
that can fulfill this role [10-12]. The display concepts developed in this study
try to support the pilot, by showing the implications of other traffic for the
affordances of ownship locomotion, and how they relate to constraints that
result from ownship performance limits.

By going beyond visualizations that relate only to the automation logic,
these displays help pilots gain deeper knowledge of the functions and re-
lations within the work domain [13, 14]. These displays should provide
support in routine as well as unforeseen situations, where the pilot may
have to rely on his own problem-solving skills to resolve a conflict.

The work presented in this paper will focus on the coordination rules
that can be used with these display concepts, in multi-actor resolution of traf-
fic conflicts. An experiment was defined to evaluate coordination behavior
in worst-case scenarios, in which pilots have to resort to manual determina-
tion of conflict resolutions. In the experiment, a constraint-based separation
assistance display was available to the pilots to evaluate conflicts in the hori-
zontal plane, and to determine resolution maneuvers. The following section
will present the interface, illustrate how it can be used, and provide a set of
coordination rules that can be used with the display. The third and fourth
sections describe the experiment and the results of this experiment, respec-
tively. The paper concludes with a discussion on the findings, and plans for
future work.
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6-2 The interface

This study is part of an ongoing research towards the design of a constraint-
based separation assistance display, that can present all the relevant prop-
erties of the three-dimensional, spatio-temporal separation problem. This
study adopts an Ecological Interface Design (EID) inspired approach [15, 16],
where work-domain analysis tools such as the Abstraction Hierarchy are
used to identify constraints and relations on multiple levels of abstraction
[13, 14]. Ideally, a visual representation of these constraints and relations
should act as an external mental model of the complex traffic system.

Three interface concepts have thus far been proposed. Each of these
concepts presents a two-dimensional projection of the traffic constraints, on
a relatively traditional cockpit display [10-12]. For the current study, the
tirst of these interface concepts was used, which is restricted to navigation
in the horizontal plane: it only visualizes horizontal constraints, and only of
obstacles that are on, or close to the own flight level. The remainder of this
section gives a brief description of the display, and illustrates how it is used.

6-2-1 Functional presentation of constraints

For travel planning and avoidance in the horizontal plane, several relevant
constraints can be identified. These constraints fall broadly into two cate-
gories: constraints that are internal to the own aircraft, and constraints that
are external to the own aircraft [10, 12]. The internal constraints relevant
to separation relate to the various limitations on the performance of the air-
craft. These are the maximum turn rates, and the maximum and minimum
aircraft operating speeds.

In addition to own aircraft limitations, the maneuver space is further
constrained by external factors such as weather, terrain, other traffic, and
the boundaries of the unmanaged airspace. For airborne separation, the fo-
cus obviously lies on the constraints imposed by other traffic. These traffic
constraints are shaped by a minimum horizontal and vertical separation be-
tween any two aircraft, that should be adhered to at all times. With common
values of 5 nautical miles horizontal, and 1,000 feet vertical separation, this
results in a flat, three-dimensional disc around each aircraft, that should re-
main clear of other traffic [17, 18]. Intrusion of this space is referred to as a
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loss of separation. A conflict is defined as a future loss of separation, within
a certain observation time span (e.g., 5 minutes).

In cruise flight, pilots control their aircraft by manipulating velocity,
track angle, and altitude settings, using the autopilot, or by modifying the
planned route in the Flight Management System. A modern glass cock-
pit supports horizontal trajectory planning through the Navigation Display
(ND), which shows a horizontal projection of task-relevant information such
as the planned route, terrain, weather, and other traffic. Although this visu-
alization does identify the elements of the airspace that constrain the maneu-
ver options of the aircraft, it does not meaningfully show how they shape
the space for operator actions.

Figure 6.1: The State-Vector Envelope is a vector space that represents combinations
of velocity (V') and heading () that can be obtained by ownship. The minimum (V)
and maximum (Vj,,x) obtainable airspeed constraints give it its ring-shaped appearance.

The interface concept employed in this study tries to achieve this by com-
bining the existing spatial representation of airspace elements, with a velocity
action space, that relates own aircraft velocity and heading to the identified
internal and external constraints [10]. This action space is essentially a vec-
tor space that contains all possible velocity vectors (i.e., all combinations of
velocity and heading). Because of several constraints, only a certain sub-
set of this vector space represents obtainable, conflict-free velocity vectors.
For instance, the minimum and maximum obtainable airspeeds reduce the
available action space to a ring-shaped area, see Figure 6.1.

Figure 6.2 shows how the traffic separation constraints can be expressed
in a velocity space. In this figure, V,, represents the motion of ownship,
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relative to the intruder aircraft:
Vrel = Vown - Vint

The figure also shows that when the relative path of ownship intersects with
the minimum separation circle, separation will eventually be lost, with a
minimum separation of dcps. It can also be seen that the area between the
two lines tangent to the intruder separation circle represents an instanta-
neous, complete set of relative velocities that result in an eventual loss of
separation. In the remainder of this paper, this area is referred to as a forbid-
den area, or FA.

Vz'/zl
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Figure 6.2: Traffic separation constraints can be expressed in a velocity action space,
through observation of the relative motion between two aircraft. All relative paths of
ownship, that intersect with the separation circle of the intruder aircraft, eventually lead
to a loss of separation. Hence, the area between the two lines tangent to the intruder
separation circle represents an instantaneous, complete set of conflicting relative velocities.
In this figure, own is the observed aircraft, and int the intruder. V,yy, is the observed
aircraft velocity vector, Vj,; is the intruder velocity vector, V,,; is the relative velocity
vector, and dcpy is the distance at the closest point of approach.

A disadvantage of this relative velocity representation, however, is that
it is hard for pilots to relate a velocity constraint zone expressed in relative
space, to the affordances for control of their own aircraft in absolute space. This
relation can be made visible by translating the forbidden area and relative
velocity vector by the intruder velocity vector. This would be equivalent to
adding V;,; on both sides of the equal sign in Equation (6.1): the equation
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is still valid, but the relation between the ownship velocity vector and the
relative velocity forbidden area is made explicit.

The resulting visualization shows all horizontal maneuver options, un-
der the assumption that maneuver dynamics and duration can be neglected.
For short-term conflicts this assumption is no longer valid, and maneuver
duration needs to be taken into account [19]. The current concept, therefore,
compensates for turn duration by calculating the forbidden area legs at time
teur + teurn. Here, tyyy is the maneuver duration for the heading solution that
corresponds to the respective forbidden area leg. A new relative position is
extrapolated using the current aircraft velocities, which in turn is used to
calculate the corrected position for the forbidden area leg.
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Figure 6.3: The horizontal separation assistance display is based on a classical navigation
display, with an added separation assistance overlay. The overlay provides a functional
presentation of the affordances for aircraft airspeed and track angle using a horizontal
projection of the three-dimensional velocity-vector affordance space.
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6-2-2 Using the interface

Figure 6.3 shows how the velocity action-space overlay is presented on a
Navigation Display (ND). The action space, bounded by the velocity limits
of the aircraft, shows forbidden areas for detected aircraft at, or close to
the own flight-level. The forbidden areas work in a cumulative fashion:
selecting a ‘clear” area solves all detected conflicts, without creating a new
conflict.

Several properties of the conflict geometry can be derived from the for-
bidden area, see Figure 6.4. The width of the forbidden area reveals spatial
proximity, and the rate of expansion or contraction of the area is indicative
of the closure rate: when ownship and intruder are on a convergent track,
the opening angle of the forbidden area will increase with time (Figure 6.4
(a)). The direction of the bisector of the forbidden area is equal to the relative
bearing of the corresponding intruder aircraft (Figure 6.4(b)). These proper-
ties also provide a strong link with the existing intruder aircraft symbology
on the ND.

The location of the tip of each forbidden area provides information about
the relevant velocities in a conflict. The location of the tip of the forbidden
area corresponds to the intruder velocity vector (Figure 6.4(c)). Its distance
from the velocity space center is determined by the intruder true airspeed,
and its direction is given by the difference in track angle between ownship
and intruder. Also, the relative velocity vector can be derived by imagining
a vector between the tip of the forbidden area and the tip of the ownship
velocity vector (Figure 6.4(d)).

6-2-3 Implicit coordination for manual control

For implicit coordination between actors in a conflict to function consistently
well, a set of rules must be defined that keeps pilots from selecting opposing
resolutions. These rules may be based on extensions of the visual flight rules
[20], but in most cases, a cooperative resolution can also be derived from the
conflict geometry, see Figure 6.5. This type of coordination is related to the
conflict solution that results in minimum path deviation.
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(a (b)

bearing
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Figure 6.4: Some examples of basic properties of the conflict geometry that can be
derived from the forbidden area. (a): The width of the forbidden area is directly related
to the distance between ownship and the intruder. (b): The direction of the bisector of
the forbidden area corresponds to the relative bearing of the intruder aircraft. (c): The
location of the tip of the forbidden area corresponds to the intruder velocity vector. lts
distance from the velocity space center is determined by the intruder true airspeed, and
its direction is given by the difference in track angle between ownship and intruder. (d):
The vector that can be constructed between the tip of the forbidden area and the tip of
the ownship velocity vector corresponds to the relative velocity vector.

Consider the nominal aircraft position at time t:

t
x(t) = xo + /t Vorig (1) dt
0

The path deviation for a maneuver can be derived from the difference be-
tween maneuver and original velocities:

t1 51
Ax — /t Vot (£) = Varig (£)] dt = /t AV, (1)] dt
0 0

Using Equation (6.3), it can be shown that the path deviation is minimized
by minimizing AVg,.
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Figure 6.5 shows a traffic conflict with two aircraft, and the derivation
of their velocities relative to each other. The circles visualize the horizontal
separation margin around each aircraft, and the areas between the triangle
lines tangent to each circle show the conflicting values for each relative ve-
locity vector. In this figure, AV, is the vector distance between V,, and
the nearest forbidden area leg. The shortest distance is found when AV,
is taken perpendicular to the forbidden area leg [10, 21]. Figure 6.5 also
illustrates that, as long as V,,; is closer to one leg than to the other, a single
optimum for AV,, can be found, and that both aircraft share this optimum.
Therefore, implicit coordination is guaranteed when the optimum is selected
as a resolution.

An additional set of rules is required for situations where there is no
unique geometrically optimal solution. These are situations where the dis-
tances between the relative velocity vector and either forbidden area leg are
equal: The relative velocity vector lies exactly along the forbidden area bisec-
tor, which means that dcps = 0, and the aircraft in conflict are on a collision
course. For the experiment, the following ‘rules of the air” were used for

Va

AC,

Figure 6.5: Geometrically optimal solutions guarantee implicit coordination, for all con-
flict geometries with the exception of collision courses. Because of the rotational symme-
try of forbidden areas of both aircraft, selecting the optimal solution for aircraft AC, will
always be complementary to the geometrically optimal solution for aircraft AC.
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these situations: aircraft being overtaken have the right of way and overtak-
ing aircraft must remain clear by altering heading to the right. When two
aircraft are approaching each other head on, they must both alter heading
to the right.

For conflict geometries with a small, non-zero expected CPA distance,
the distances between the relative velocity vector and both forbidden area
legs are nearly (but not exactly) equal. This can make the choice between
the optimal solution and applying rules of the air ambiguous for pilots. This
issue will be addressed in the experiment.

Because the separation assistance display presents the pilot with a veloc-
ity action space that is based on the conflict geometry, it can support both
coordination strategies. Geometrically optimal solutions can be selected us-
ing the display, by changing speed and heading to move the speed vector
to the nearest conflict zone leg. Also, selecting a velocity vector to the left,
or to the right of a conflict area is analogous to passing the intruder aircraft
to the left or the right. Ownship will pass in front of the intruder when the
velocity vector crosses the respective forbidden area on the display.

6-3 Experiment

To evaluate the coordination of manual resolution maneuvers between actors
in traffic conflicts in unmanaged airspace, a multi-actor traffic separation
experiment was performed. To obtain analyzable pilot responses, as well
as the interactions between those responses, pairs of pilots were placed in
two-aircraft traffic conflict situations, with a loss of separation in the near to
short term future. Each session consisted of a continuous presentation of five
consecutive conflict scenarios, that needed to be resolved manually, with the
aid of a constraint-based separation assistance display. Traffic conflicts were
always between two human actors, and were designed using parameters
conflict angle, time to first loss of separation, and CPA distance, see Figure 6.6.

6-3-1 Apparatus and aircraft model

The experiment was performed on two physically separated, fixed-base pi-
lot stations. Each setup featured two LCD screens: one showing a Primary
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Flight Display, the other showing a Navigation Display with separation as-
sistance overlays. Participants could control display settings and auto-pilot
heading and speed modes through physical Electronic Flight Instrument
System (EFIS) selector and Mode Control panels.

The aircraft models employed in the simulation were low-order, quasi-
linear models of a Boeing 707-300, and an Airbus A330, see Table 6.1. The
model coefficients were obtained from EUROCONTROL’s BADA aircraft
database [22]. The differences between these two aircraft that are relevant to
the experiment are the difference in cruise speed, and the difference in speed
margins. The difference in cruise speed influences conflict geometry, and the
reduced speed margin for the Airbus can limit the resolution possibilities.

The simulation was run in real-time, at an update rate of 100 Hz. The
experiment was conducted with zero wind, and no turbulence. Flight level
FL250 was used as cruise altitude. Although this is lower than usual in most
commercial flights, this flight level was chosen so that airspeed still had a
usable margin between stall speed and maximum operating speed.

6-3-2 Experiment design and procedure

The experiment was designed as a within-subjects repeated-measures, where
factors aircraft model and conflict geometry were varied. The aircraft model fac-
tor was introduced to illustrate the effect of a reduced speed margin on
the availability of (optimal) resolution options. Because every aircraft type
suffers from reduced speed margins at increasing altitude (stall speed and
critical mach number converge with increasing altitude), speed margins are
an important factor for conflict resolutions at cruise altitude.

The conflict geometry was designed based on three factors: conflict an-
gle, time to first loss of separation, and the distance between the two aircraft

Table 6.1: Relevant data for the aircraft models in the experiment.

Boeing 707-300 Airbus A330

TAS,n  [kts] 282.4 331.1
TASpax  [kts] 530.1 4715
TASquise  [Kts] 485.0 432.0
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at the closest point of approach, see Figure 6.6. Here, the conflict angle
determines the shape and orientation of the forbidden area, and the magni-
tude of the closing speed between the two aircraft. Varying conflict angle
between scenarios, therefore, is a way to minimize memorizing/learning ef-
fects between scenarios. The distance at the CPA, dcps, determines whether
a unique optimal solution to the conflict can be found (dcps # 0), or whether
coordination based on an additional set of rules is required (dcpa = 0). The
time to first loss of separation varied between 3 - 5 minutes, which meant a
medium to high level of urgency for each conflict scenario.

Each of the conflicts was designed with two participating aircraft. Five
levels of conflict angle were combined with four levels of CPA distance,
where each conflict angle could be combined with either a zero or a certain
non-zero value for dcps, see Table 6.2. The resulting experiment design
is not full factorial, which means that not all effects can be unambiguously
attributed to one factor. Ideally an experiment design should be full factorial,
but timing constraints made this impossible.

Table 6.2: Geometry parameter combinations.

Conflict angle [ ° ] 0 25 90 180 225
CPA distance [nmi] 0/1 0/2 0/3 0/1 0/2

All experimental conditions consisted of conflict situations between two
aircraft, that were both manually controlled, by a pilot subject using the
constraint display. This meant that each experiment session required two
subjects. These subjects were invited and briefed separately, were kept apart
in two part-task simulator rooms, and were not informed that the conflicting
aircraft were controlled by a second participating pilot.

After a briefing on the experiment and the functioning of the separation
display, subjects performed approximately one hour of training. To avoid
learning effects, but still reach a stable level of performance and sufficient
understanding of the information presented by the separation assistance
interface, separate example scenarios were used for training.

The measurement phase consisted of 10 conditions, presented in a ran-
domized block design. Subjects performed each scenario in both aircraft,
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Figure 6.6: The conflict geometry for each scenario is defined by three parameters:
conflict angle Ay, time to first loss of separation t1,5, and the distance between the two
aircraft at the closest point of approach dcps. The conflict angle is the angle between
intruder and ownship tracks. The time to first loss of separation determines the initial
distances in the conflict. The distance at the CPA determines how close the two aircraft
will pass each other should neither aircraft maneuver.

resulting in 20 measurement trials per subject. The trials were combined in
blocks of five sequential conflict scenarios. This meant that for each set of
five scenarios, all participating aircraft were present in the same simulated
airspace, during the course of the five trials, and that the simulation did not
halt until after all five conflicts were resolved. Aircraft that did not partic-
ipate in the current conflict were placed at different flight levels, to avoid
previous and future conflicts having an effect on the affordance space of the
current trial. Each of these blocks lasted approximately 50 minutes.

To ensure that conflicts occurred in the exact geometry that they were
designed, aircraft belonging to future conflicts were continuously shifted
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Table 6.3: Rules and strategies for conflict resolution.

Safety has the main priority: Ensure sufficient separation at all times.

Avoid resolutions that result in parallel tracks.

If available, apply the geometrically optimal solution.

When a unique optimal solution is not available, apply rules of the air:

4a. An aircraft being overtaken has right of way and the overtaking
aircraft must remain clear by altering heading to the right.

4b. When two aircraft are approaching each other head on they
must both alter heading to the right.

4c.  Aircraft from the right have the right of way. Remain clear by
passing behind that aircraft.

LN

from their nominal path, based on the maneuvers of the ownship. This did
not lead to a visible effect on the pilot’s display. After each conflict, pilots
were instructed to return to their initial heading and speed. After each
trial, subjects were asked to fill in a short questionnaire concerning their
resolution decision.

6-3-3 Subjects and instructions to subjects

Sixteen experienced glass-cockpit pilots participated in sets of two, 15 male,
and one female. Experience in terms of flight hours per pilot ranged from
2,000 to 16,700 hours. Subjects were asked to perform an experiment, where
they should resolve traffic conflicts in unmanaged airspace. They were in-
formed that the results would be used to evaluate a concept for a separation
assistance interface. To avoid “gaming” effects, (e.g., pilots creating, or pro-
longing conflicts on purpose), pilots were not informed that there was a
second participant, and that they were, in fact, flying against a human “op-
ponent”. Instead, they were told that during the measurements, intruder
aircraft could participate in the resolution of a conflict, by using certain au-
tomated logic.

Prior to the experiment, pilots received a short briefing on the geomet-
rical concepts behind the display, how to use the display, and on the ex-
perimental setup. An important aspect of this briefing was to instruct the
pilot on the rules and strategies for conflict resolution, see Table 6.3. To
ensure safe flight, pilots’ first and foremost priority was to avoid a loss of
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separation at all times. When safety is ensured, pilots could explore their
resolution options to optimize for efficiency.

They were instructed to use the cues from the forbidden area to deter-
mine an efficient solution. First, the tip of the triangle should be avoided, as
solutions close to the tip result in (near) parallel tracks. Second, pilots were
instructed to apply the geometrically optimal solution. As was described
in the previous section, the geometrically shortest way out of the forbidden
area is used as the optimal solution. Other considerations, such as fuel effi-
ciency, were not taken into account, because they are variable and difficult
to determine, but also because the geometrical optimum can be used for
implicit coordination. When such a geometrical optimum is not available,
pilots were instructed to apply rules of the air.

6-3-4 Dependent measures

Dependent measures for this experiment consisted of several objective and
several subjective measures. Objective measures were the solution choice per
pilot in terms of vector change dimensions (heading and speed), and applied
tactic (optimal state change vs. rule of the air), and the level of cooperation
between pilots. Safety was measured in terms of minimum separation, and
path deviation and the initial reaction time were used as measures of per-
formance. These measures were constructed from recorded time histories of
parameters position, heading, and selected speed and heading.

The initial pilot actions per scenario were identified manually by review-
ing time traces of each run. The initial selections were used to determine vec-
tor change dimensions, minimum separation, reaction times, and the level
of cooperation. After each conflict scenario, pilots were asked to select on a
form which tactic they applied. These responses were manually compared
to the pilot actions that were identified from the time traces. Subjective
measures consisted of verbal Situation Awareness (SA) questions during the
experiment, and a post-experiment questionnaire. The situation awareness
questions relate to easily identifiable information such as relative intruder
position and intruder velocity, but some questions also required the subject
to use information cues to predict the outcome given the current situation.
The subject’s certainty of his answer was recorded together with the answers,
following Hunt’s method of measuring knowledge [23].
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6-3-5 Experiment hypotheses

Several studies involving manual (horizontal) conflict resolutions found that
pilots prefer single-axis maneuvers, keeping velocity constant [18, 24-26]. It
was therefore hypothesized that the majority of the maneuvers would be
heading-only. It was also hypothesized that conflict geometries with a small,
non-zero expected CPA distance result in the largest amount of opposing
resolutions, as the choice between the optimal solution and applying rules
of the air is less clear for such conflicts. Conflict geometries where dcpy = 0
were assumed to result in more coordination based on the rules of the air,
whereas conflict geometries with large expected CPA distances will mostly
be solved implicitly, where pilots use the shortest-way-out principle.

In the current display concept, the edge of the state-vector envelope is
determined by the own aircraft maximum operating speed. Forbidden areas
are only shown within this boundary. It can therefore happen that when a
relatively slow aircraft gets into conflict with a faster aircraft, a large part of
the resulting forbidden area will be hidden outside the SVE, see Figure 6.7.
In these situations, the bearing and relative heading of such an intruder

_______ > bearing INT}

Figure 6.7: Forbidden areas that correspond to intruder aircraft with a velocity greater
than the ownship maximum velocity have their tips hidden in the current SVE concept.
Because of this, bearing and relative heading of these intruders cannot be unambiguously
derived from the forbidden areas alone.
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cannot be unambiguously derived from the FA’s alone. It was therefore hy-
pothesized that pilots would perform worse in these situations, with fewer
coordinated resolutions, and less efficient maneuvers for the slower aircraft.

6-4 Results

Aside from path deviation and minimum separation, all of the measures
from the experiment are non-parametric. Solution choice, cooperation level,
and applied tactic are categorical data, and the results from the SA ques-
tionnaire are ordinal. These data types require statistical methods that make
fewer assumptions, but often also require larger sample sizes.

Because of this fact, but also because of the uneven distribution of the
outcomes of some of the measures in this experiment, none of the measures
provided enough statistical power. No conclusions could therefore be made
on the significance of the following results.

Table 6.4: Percentages maneuver choice.

None 17 % Heading only 69 %
Speed only 4 % Heading and speed 11 %

6-4-1 Solution type and level of cooperation

The resolution maneuvers in the experiment can be grouped by the flight pa-
rameters that were changed to resolve each conflict. For horizontal conflict
resolution the available maneuver options are heading and speed changes.
Therefore, solution choice is a categorical measure with four levels: no ac-
tion, heading only, speed only, and combined heading and speed. The selection of
a maneuver will depend on conflict geometry, aircraft performance limita-
tions, phase of flight, and personal or airline preference.

Table 6.4 shows the maneuver choice average for the entire experiment.
As was hypothesized, the majority of the resolution maneuvers was heading
only (almost 70 %), which can be attributed to personal or airline preference
[18]. Figure 6.8 shows the maneuver choice sorted by conflict angle and
aircraft type. Because CPA distance and rules of the air only influence the
direction of a maneuver, it can be assumed that differences in solution choice
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Figure 6.8: Maneuver dimensions sorted by conflict angle and aircraft type (B = B707,
A = A330) along the abscissa. The scale on the ordinate axis gives the occurrence of each
solution type in percent of the total per conflict angle / aircraft type pair, the absolute
values are indicated inside the bars.

depend mostly on conflict angle. This was also observed in the measured
data. For conflict angles 0°, 180°, and 225° this figure shows that (nearly) no
speed maneuvers were used. These conflict angles result in (near) head-on
or parallel (take-over) courses. In these situations, speed changes have no
effect other than speeding or delaying a loss of separation, and only heading
changes can be used to resolve such conflicts.

A notable exception to the preference for heading resolutions is found
in the 25° conflict angle scenarios, especially for the A330 (61% of the reso-
lutions involved a speed change). In this situation, large heading changes
are required to resolve the conflict. Also, for the A330, the max. speed line
hides the tip of the intruder triangle, making it difficult to detect intruder
intent, and impossible to determine the correct coordination rule. Giving
way to the intruder by slowing down might then indeed be considered the
safest course of action.

Figure 6.9 shows the rule types applied, as reported by the subjects,
sorted by CPA distance. If the pilots had followed the rules in Table 6.3
flawlessly, the first column (dcpa = 0) would have been 90 % rules of the
air, and 10 % none (the latter percentage is because in one of the scenarios
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Figure 6.9: Resolution rule sorted by CPA distance along the abscissa. The scale on the
ordinate axis gives the occurrence of each solution type in percent of the total per CPA
distance, the absolute values are indicated inside the bars.

the applicable rule of the air was a priority rule, forcing one of the aircraft
to give way to the other aircraft). The remaining columns would have been
100 % optimal. In the experiment, a more even distribution of rules was
reported. Due to the short time in which the experiment was performed,
lack of training is probably the main cause of this difference. The results in
Figure 6.9, however, do show the expected trend: the rules of the air were
applied most often in the conflicts where dcps = 0, and the geometrically
optimal solution was applied more often with increasing dcpa.

The level of cooperation between pilots is shown, grouped by CPA dis-
tance in Figure 6.10, and averaged in Figure 6.11. Figure 6.11 shows that
pilots selected opposing solutions in 16% of the measured trials. Especially
in small-scale experiments like these, this can be a matter of insufficient
training. It can, however, also be an indication of a weakness of the inter-
face. The most prominent cause for the opposing solutions was that (at least)
one of the pilots applied the wrong rule: 93% for scenarios where dcps = 0,
and 45% for scenarios where dcpy # 0, see Figure 6.11. For all values of
dcpa, errors where the wrong rule is applied can be an indication that pi-
lots could not reliably retrieve the required information from the display.
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Figure 6.10: Level of cooperation between pilots sorted by conflict CPA distance along
the abscissa. The scale on the ordinate axis gives the occurrence in percent of the total
per conflict CPA distance, the absolute values are indicated inside the bars.

In other cases, the correct rule was applied, but an error was made while
evaluating the rule (7% for dcps = 0, and 55% for dcpa # 0).

In scenarios where dcpa = 0, the direction of the maneuver depends on
a previously stored ‘rule of the air’. Therefore, when a wrong maneuver
is made in such a scenario, it is because the pilot did not remember the
applicable rule correctly. For scenarios where dcpa # 0, the rule requires the
direction of the maneuver to be derived from the display. In such scenarios,
an erroneously applied rule can also be an indication that pilots could not
retrieve the required information from the display.

50% of the measured trials were solved cooperatively. Figure 6.10 shows
that this occurred most frequently for scenarios with the largest conflict CPA
distance. In situations where dcpy is large, the velocity vector of ownship
is close to the edge of the forbidden area belonging to the conflict. The
optimal solution (the shortest way out of the triangle) is clearly visible on
the interface, and guarantees implicit coordination when both parties strive
for minimum path deviation. The scenarios with the smallest, non-zero CPA
distance showed the lowest percentage of cooperation. In these situations,
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Figure 6.11: Conflict scenario outcome diagram for initial resolution maneuvers. The
occurrences per outcome are indicated in percent of the total on that level of the diagram.

the optimal solution is less evident, and the choice between applying the
optimal solution or applying the rules of the air becomes less clear.

Table 6.5: Opposing solution frequency per conflict angle.

Conflictangle [°] 0 25 90 180 225
Percentage opposing [ %] 20 29 6 10 16

Table 6.5 shows how often opposing solutions were selected, grouped by
scenario conflict angle. Each percentage gives the occurrence of opposing
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solutions, compared to the total number of runs at the corresponding con-
flict angle. Although these outcomes are also influenced by the differences
in CPA distance, still two notable observations can be made. First, the small-
est percentage of opposing resolutions was found for scenarios with conflict
angle Ax = 90°, also in the runs where dcps = 0. This can be an indication
that for some conflict geometries, such as situations where an intruder is
approaching at a right angle, the traffic geometry is more evident from the
forbidden area visualization than with other conflict geometries. Second, the
largest percentage of opposing resolutions was found for scenarios with con-
flict angle Ay = 25°, regardless of CPA distance. As was hypothesized, this
is the result of the situation illustrated in Figure 6.7. For the pilot controlling
the slower Airbus A330, it was impossible to derive conflict geometry from
the forbidden area in these conflicts. This made it more difficult to identify
the correct maneuver, which resulted in more opposing maneuvers.

6-4-2 Safety

The minimum separation was used as a measure of safety, by comparing
the measured value to the defined separation minimum. Figure 6.12 shows
a cumulative distribution graph of these minimum separation values. The
separation minimum was violated in 3 out of 160 measured trials. In all
three cases, this occurred during a premature return to nominal heading and
speed, and in all cases, the incursion was minimal (less than 200 meters). A
common practice that was observed in this, but also in previous experiments
with a constraint-based display [27], was that after resolving a conflict, pilots
are inclined to optimize their performance by returning to their nominal
state as soon as possible, in small steps, while staying as close as possible
to the edge of the forbidden area. In these situations, a judgment error can
easily result in a (small) violation of the separation constraint.

6-4-3 Performance

Figure 6.12 also shows that in more than 75% of the conflict scenarios, pilots
came within half a nautical mile distance of the protected zone of the other
aircraft. In terms of performance, this is a strong indication that pilots use
the precise visualization of constraints to optimize the efficiency of their res-
olution, together with the optimization behavior described above. Reaction
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Figure 6.12: Cumulative distribution graph of minimum separation values. Minimum
separation occurs at the closest point of approach, which is indicated in nautical miles
along the abscissa. The number of aircraft is indicated along the ordinate axis, counted
in percent of the total number of aircraft. The hatched area on the left of the graph
indicates the values of CPA that violate the minimum separation constraint.

time was also used as a measure of performance, but showed no significant
variation across conditions.

Figure 6.13 shows a cumulative distribution graph of the measured path
deviation, as a percentage of the theoretically minimal path deviation. When,
for example, one pilot solves a conflict, using the exact geometrically opti-
mal solution, his path deviation score would be 100% the theoretically mini-
mal path deviation. However, when two pilots solve a conflict cooperatively,
each using the optimal solution, their path deviation score would be 50%,
since each of the pilots would provide half of the required vector change.

The data in Figure 6.13 have been divided by solution type, i.e., single-
pilot (dark-gray), cooperative (light gray), and opposing solutions (gray).
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For the single-pilot solutions it can be seen that only a small percentage
was solved close to the optimal solution (14.3%). The majority of the single-
pilot solutions (83.3%), however, do stay within 150% of that value. Graphs
per single run of the path deviation as a function of time (not shown in
this paper) reveal that this efficiency is achieved by multiple corrections of
the flight-path vector, after the initial resolution: by closely following the
edge of the forbidden area with the own velocity vector, pilots often tried to
optimize their efficiency.

The charts for cooperative solutions in Figure 6.13 show that in more
than 50% of the cooperative runs, pilots managed to divide the path devi-
ation between them, although not always equally: 40.0% of the maneuvers
resulted in a path deviation smaller than half of the single-pilot minimum.
In these cases, the second pilot was forced to make an unequally large contri-
bution to the conflict resolution to avoid a loss of separation. Interestingly,
also the opposing maneuvers show a high percentage of path deviations
smaller than half the single-pilot optimum (41.3%). In these situations, after
having identified that an opposing resolution was selected, only one of the
pilots makes the necessary adjustment to resolve this problem, allowing the
other pilot to immediately revert to his original course.

6-4-4 Situation awareness

As a subjective measure, pilots were given random questions from a set
of traffic awareness questions during the experiment. Most questions were
answered correctly, with two notable exceptions. When asked whether the
other aircraft was slower or faster than the own aircraft, pilots gave more
unsure and wrong answers in conflict scenarios where the tip of the conflict
zone (which also indicates the tip of the intruder velocity vector) was not
visible on the display. Another question that was often answered wrongly
was whether or not the other aircraft participated in the resolution maneuver.
This cue is visible from the movement of the conflict zone on the display,
which can be difficult for pilots to see without extra visual cues. Results from
the post-experiment questionnaire also identify this as the most important
issue with the display.
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Figure 6.13: Cumulative distribution graph of path deviation, compared to the optimal
solution, for single-pilot solutions, cooperative solutions, and opposing solutions. Eight
groups along the abscissa indicate the ratio between the measured path deviation, and
the theoretical minimum path deviation, in percent. In each group, the length of a bar
indicates the amount of solutions that resulted in a path deviation equal or smaller than
the path deviation for that group. Values along the ordinate axis indicate the amount of
solutions, as a percentage of the total amount of solutions for the three solution types.

6-5 Discussion

The goal of this multi-actor traffic separation experiment was to evaluate
coordination between actors when manually resolving traffic conflicts in un-
managed airspace. Although several studies in the past considered multi-
actor airborne separation, either in simulations or human-in-the-loop exper-
iments [28-31], they did not consider specific coordination rules, or manual
conflict resolution.

In the experiment, pilots made use of a constraint-based separation assis-
tance display, and were provided a set of rules that, when followed correctly,
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implicitly lead to coordinated resolution maneuvers. These rules were a
combination of applying the optimal solution that could be derived from
the interface, and applying “rules of the air”, based on extensions of the
visual flight rules [20].

Although this means that most of the results specifically relate to the
display and this set of rules, the conclusions that can be drawn from these
results should be viewed in a broader perspective. The importance of im-
plicit coordination also applies to conflict avoidance automation, and since
the aircrew will always be ultimately responsible for the safety of a maneu-
ver, there will be limits on the complexity of automated resolution logic.
This interaction between humans and automation therefore requires a thor-
ough analysis of how these new tasks should be allocated between humans
and automation, and how the human actors can interact, and share their
decision-making with the automation [6, 7, 32].

In the experiment, sixteen pilots participated, in pairs of two. Each pilot
performed all scenarios in both the B707-300 aircraft and the A330. How-
ever, because after switching aircraft, it is still the same pair of pilots that
provide the data, these two data sets cannot be regarded as independent.
Regretfully, even when this dependency is neglected, none of the measures
provided enough statistical power. The reason for this is that most of the
measurements are either categorical or ordinal, with uneven expectations
for the outcome per category. These data types require statistical methods
that make fewer assumptions, and require larger sample sizes. Sufficient sta-
tistical power for these data, therefore, would require a sample size closer
to 50 groups, or 100 pilots, possibly even more. The hypotheses that were
made in this study can therefore not be proved or refuted with significant
results, but will be compared to the results in a qualitative manner.

Recorded time histories of parameters position, heading, and selected
speed and heading were used to construct measures of solution choice and
the level of cooperation between pilots. Averages of selected speed and
heading showed that, similar to earlier experiments, pilots preferred keep-
ing velocity constant. Table 6.4 shows that 69 % of the resolution maneuvers
only involved a heading change. This supports the hypothesis that the ma-
jority of maneuvers would be heading-only. Figure 6.11 shows that 50 % of
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the scenarios were solved cooperatively. Figure 6.10 shows that cooperative
solutions occurred most often for scenarios with the largest CPA distance.

It was also hypothesized that conflict geometries with small non-zero
CPA would result in the largest amount of opposing resolutions, because the
choice between the optimal solution and applying rules of the air is less clear
for such conflicts. This ambiguity is also a function of the distance between
ownship and intruder: with increasing distance, the forbidden area becomes
narrower, up to the point that display resolution makes it impossible to
see how the own velocity vector is positioned within the forbidden area.
Because of the greater distance, however, the urgency of the conflict will be
low, and the odds of a simultaneous maneuver will be small.

The largest percentage of opposing solutions was observed for scenarios
where dcpy = 2nm. This is already a significant CPA distance, which should
benefit implicit coordination by selection of the geometrically optimal solu-
tion. This was, however, also the scenario with conflict angle Ay = 25°,
which is a more likely reason for the large amount of opposing resolutions.
Because the experiment was not designed full factorial, it was not possible
to separate these effects. The hypothesis that small-CPA conflicts would re-
sult in the largest amount of opposing resolutions could therefore not be
unambiguously concluded from the results.

The scenarios with conflict angle Ay = 25° was added to illustrate the
effect of a forbidden area that is for the most part hidden (including the tip of
the triangle) by the edges of the state-vector envelope. This can occur when
an intruder aircraft approaches on a near-parallel course (small Ay), and is
flying faster than the maximum operating speed of ownship. This causes
a large part of the forbidden area to be hidden by the edges of the state-
vector envelope, and the bearing and relative heading of such an intruder
cannot be unambiguously inferred from the forbidden areas alone. As was
hypothesized, these scenarios resulted in the largest amount of opposing
resolutions.

Also, a large number of solutions that were made in the slower aircraft
(the A330) were more inefficient, with the most speed changes. Figure 6.7
illustrates that when an aircraft gets into conflict with an aircraft that is
flying faster than the own maximum operating speed, it can happen that
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much of the geometry of the forbidden area is hidden outside the state-
vector envelope, which can result in inefficient resolutions. Results from the
situation awareness questions also show that pilots had the most difficulty
judging intruder airspeed in these scenarios. This was the only prominent
effect that could be discerned from the aircraft model factor.

For scenarios with zero CPA distance it was hypothesized that most of
the maneuvers would be based on the rules of the air, while scenarios with
large CPAs would result in a high number of maneuvers based on the geo-
metrically optimal solution. Figure 6.9 shows that for the experiment, this
distinction is not that clear-cut. A large percentage of the resolutions was
reported as a geometrically optimal solution, regardless of CPA distance.
Although the rules of the air were applied most often in the zero-CPA scena-
rios, the differences are too small to either prove or disprove the correspond-
ing hypotheses.

Minimum separation was considered as a measure of safety. Similar
to earlier experiments with a constraint-based display, results from the ex-
periment show that after reaching a conflict-free state, the majority of the
subjects returned to their original track in several small steps, following
the edge of the forbidden area as closely as possible. This behavior can
be attributed to showing precise constraints: when maneuver limits are vi-
sualized with high precision, human operators will use that precision to
maximize their efficiency. As a result, 78 % of the CPA’s stay within 110
% of the separation margin. This ‘hunting’ behavior, however, also gives
rise to coordination problems, and consequently also losses of separation,
which occurred 3 times in the experiment. Although the incursions were
small (less than 200 meters), this is still an unwanted side effect of showing
precise constraints.

In addition, performance was measured in terms of path deviation. Fig-
ure 6.13 shows that more than 80 % of the resolution maneuvers were per-
formed with a path deviation smaller or equal to 150 % of the path deviation
that could be obtained by applying the optimal solution. As most of the
maneuvers were heading-only, this can be regarded as an indication of the
path deviation penalty of a heading-only maneuver, compared to the small-
est state change maneuver. Note, however, that this difference is greatly
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influenced by the geometry of the conflict. Figure 6.13 also shows that coop-
erative solutions divide path deviation, but not always evenly. Also, many
of the opposing maneuvers end up being solved by only one of the pilots.

The in-flight situation awareness queries, and the post-experiment ques-
tionnaire revealed the most important issues with the display in its current
form. Although subjects answered most SA questions almost flawlessly for
the majority of the scenarios, certain conflict geometries proved more diffi-
cult. As was hypothesized, scenarios where a large part of the forbidden
area is hidden by the edges of the state-vector envelope make it difficult or
even impossible to extract relevant information on conflict geometry from
the forbidden area. This was also clearly visible in the results from SA ques-
tions that related to intruder speed, location, and maneuvering. Together
with the SA queries, results from the post-experiment questionnaire identify
poor visibility of intruder maneuvering as the most important issue with
the display. Information on the maneuvering of the intruder is not instantly
visible on the display: it can only be inferred from the translation of the
forbidden area on the display, which can be difficult to discern. In addition,
the target state of the intruder is not known before the end of the maneuver.

6-6 Future work and recommendations

In the experiment, sixteen pilots participated, in pairs of two. For practical
reasons, this is already a considerable amount of subjects. However, because
of the nature of most of the measurements, sufficient statistical power in the
data requires a sample size closer to 50 groups, or 100 pilots, possibly even
more. Because an experiment of this magnitude is difficult to realize, a
follow-up study has been initialized that employs pilot decision models in a
Monte-Carlo simulation, in an effort to identify the influence of behavioral
characteristics on separation coordination and safety.

Future work on the display will focus on dealing with shortcomings of
the display that were identified in the current study, such as guaranteed
visibility of all the cues of the forbidden areas, and the possibilities for visu-
alization of intruder maneuvering during resolutions. An issue that could
be addressed by a future experiment is a study of coordination rules in case
of multi (more than two) aircraft conflicts.
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6-7 Conclusions

A multi-actor aircraft separation experiment was performed, to evaluate the
coordination of manual resolution maneuvers between actors in traffic con-
flicts in unmanaged airspace. Similar to previous studies, results from the
experiment showed a preference for single-axis, heading-only maneuvers.
Difficulties with implicit coordination between actors in a conflict occurred
for conflict geometries that do not clearly fall into a single category of coor-
dination rules.

Two safety issues were identified for the separation assistance display.
Subjective measurement results identify poor visibility of intruder maneu-
vering as the most important shortcoming of the display. Second, because
constraints are visualized precisely, pilots are inclined to use this precision to
optimize their efficiency, which sometimes leads to over-optimization. This
type of behavior is characteristic to constraint-based displays. Of the 160
recorded conflicts, three resulted in a minor loss of separation. In each of
these situations, the conflict was solved correctly, but an incursion occurred
during the return to the nominal track, as a result of over-optimization.

This study also showed one of the limits of a piloted simulator study.
When trying to evaluate decision behavior and safety aspects of airborne
separation, sample sizes are required that go far beyond practical limits for
these kind of experiments.
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CHAPTER
Fast-time simulations of manual conflict resolution

This chapter presents the results of a fast-time batch simulation study,
that investigated emergent features of conflict detection and resolution
in unmanaged airspace. This simulation study is a follow-up of the
experiment described in Chapter 6. Because the particular measures
employed in this experiment required sample group sizes that well ex-
ceed a practical experiment setup, a simulation study can be used as a
way to extrapolate findings to larger sample sizes.
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Abstract:  The work described in this paper used simulations with a determin-
istic decision model for airborne separation, to investigate the influence of domain-
inherent factors such as conflict geometry, aircraft performance limitations, and
system delays on safety, efficiency, and other emergent properties of a decentralized
airspace separation system. Each of these properties was systematically varied in
fast-time batch simulations, to identify their individual contributions. Results show
that coordination can be hindered by performance limitations, regardless of manual
or automation implementation. It was also found that shortest-way-out methods
are relatively sensitive to asymmetric data uncertainties such as a communication
delay, compared to resolution methods based on the rules of the air.

7-1 Introduction

In today’s airspace, traffic increase is pushing the limits of capacity and
safety. To facilitate continuing growth, new air-traffic management concepts
are under development, which allow a more flexible use of airspace [1-4].
The most ambitious plans propose delegation of separation responsibility
from the air-traffic controller to the aircrew, as a way to reduce controller
workload and increase airspace capacity.

This shift from centralized control of aircraft separation to decentralized
control results in a complex system with many degrees of freedom, and
many reciprocal interdependencies between agents in the system [5]. Pro-
viding proof of the level of safety for such complex systems is traditionally
done using probabilistic methods such as a fault-tree analysis, a method
that has also been applied to airborne separation [6]. Brooker, however, ar-
gues that the probability estimates that are required for such an analysis,
makes that although such probabilistic methods can provide an assertion of
the degree of risk, they cannot prove a certain level of safety [7].

This study, instead, takes a systems approach to analyzing safety and
efficiency aspects of airborne separation [8]. The current paper is part of an
ongoing study, which applies a Cognitive Systems Engineering approach to
the design of an airborne separation assistance interface [9-12]. The aim of
this approach is to reveal and categorize the semantic structure of the work
domain, in an effort to provide a common basis on which both automation
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and visualization can be based [13, 14]. This structure constitutes the in-
escapable complexity of the airborne separation problem, which makes it
an unavoidable factor in the level of safety that can be obtained.

An important contribution to the complexity of an airspace where sepa-
ration responsibility is delegated, comes from the interactions between mul-
tiple autonomous agents, each having different goals and capacities. To
provide a sufficient level of safety, these interactions require a robust coor-
dination between those agents. A previous experiment was conducted to
evaluate coordination between aircraft when manually resolving traffic con-
flicts in unmanaged airspace [15]. In the experiment, pilots made use of a
constraint-based separation assistance display, and were provided a set of
rules that, when followed correctly, implicitly lead to coordinated resolution
maneuvers. This experiment resulted in a limited number of resolutions,
from which a good impression could be formed on the behavior of the pi-
lots in a conflict situation. Because of the nature of the dependent measures
(categorical and ordinal), however, sample sizes beyond practical limits are
required to obtain sufficient statistical power. A possible way to improve
upon these qualitative results would be to use large-scale simulations, in an
effort to generalize the findings from the (small-scale) pilot experiment.

Previously, several simulation studies have been done to test the feasi-
bility of specific self-separation algorithms, e.g., [16-21], or to test the sta-
bility of intersecting flows of aircraft [22]. Other work investigated more
generally how maneuverability is affected by the initial distance between
conflicting aircraft [23], or compared coordination rules in terms of a com-
bined cost based on minimum separation and maneuver efficiency [24]. The
current study will use fast-time simulations to look more closely at how
(implicit) coordination is affected by several inherent properties of the sepa-
ration problem, by the shape of several coordination rules, and by particular
pilot preferences that were found in previous human-subject experiments.
The simulation study focuses primarily on the inherent properties of the
separation problem, by only considering deterministic elements of the work
domain, and without looking specifically at automation or human behavior.
This should enable identification of the individual contributions of specific
properties to the emergent behavior and efficiency of decentralized aircraft
conflict resolution. Similar to the preceding pilot experiment, this study will
only consider horizontal conflicts and resolution maneuvers.
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The following section introduces the coordination rules that were used
in the simulations. The third and fourth sections describe the simulation
set-up, and the results of the simulations, respectively. The paper concludes
with a discussion on the findings.

7-2 Coordination rules

The shift of the separation task from the ground to the aircrew implies that
conflicts will be resolved in a decentralized fashion. Determining a safe
resolution to a conflict will require coordination between the actors in that
conflict. This means that for automated, as well as for manual conflict reso-
lution, predictability of decisions will be essential to guarantee an acceptable
level of safety. In situations where there is no opportunity for negotiation,
implicit coordination will be required, e.g., by following a predetermined set
of rules that dictate which aircraft should maneuver, and how they should
maneuver. In worst-case scenarios, pilots will have to manually determine
resolution maneuvers, for instance when the automation has failed, or for
other reasons that make pilots decide to resolve a conflict manually. This
poses limits on the complexity of the coordination rules. For automated res-
olution advisories, high rule complexity can make it difficult for pilots to
understand the rationale behind resolution advisories, potentially resulting
in non-conformance and distrust of the system [24-26].

Several decentralized conflict resolution methods exist which provide
various levels of (implicit) coordination. The Modified Voltage Potential
method provides resolutions following a ‘shortest way out” principle, which
guarantees implicit coordination for non-collision course conflicts [27, 28].
The minimum path deviation resolution that is visually apparent in the dis-
plays in this study works in a similar fashion, and also provides implicit
coordination for non-collision course conflicts [15, 29]. While the Visual
Flight Rules (a.k.a. the Rules of the Air) do not provide actual resolutions,
they can be used to decide between sets of resolutions, in order to find a
coordinated resolution [15, 30].

Other, more complex algorithms coordinate by having each agent opti-
mize the global performance for a group of agents (the ownship and the
immediate surrounding aircraft) [18, 31, 32], or rely on the availability of
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knowledge of all aircraft (in the vicinity) that have already maneuvered [22].
Because these methods rely on (many) computer calculations, they do not
lend themselves well for application in worst-case scenarios, i.e., where one
or more of the actors in a conflict has to resort to manual conflict resolution.

(2]
o
l (3]

Figure 7.1: Possible directions for a resolution maneuver, expressed as changes of the
relative velocity vector, V,,. In the horizontal plane, all possible resolution maneuvers
correspond with one of three types. @®: Reduce the magnitude of the relative velocity
vector to zero, without changing its direction. This maneuver is guaranteed to be coor-
dinated, regardless of what type of maneuver is chosen by the other actor in the conflict.
However, because it results in parallel courses for the aircraft in the conflict, it results in
very inefficient resolution maneuvers. @, ®: Place the relative velocity vector outside one
of the two legs of the constraint zone, by changing the direction of V,,; (and, optionally,
changing its magnitude). These maneuvers are implicitly coordinated when both actors
choose the target state of their resolution maneuver along the same edge of the velocity
constraint area.

Even though these methods vary considerably in how they determine
an appropriate resolution, they all ultimately have to decide between the
same options, see Figure 7.1. In the horizontal plane, all possible resolutions
correspond with one of three maneuver options. The first option is to re-
duce the magnitude of the relative velocity vector to zero, without changing
its direction. This maneuver is guaranteed to be coordinated, regardless of
what type of maneuver is chosen by the other actor in the conflict. How-
ever, because it results in parallel courses for the aircraft in the conflict, it
postpones, rather than resolves the conflict. The remaining two options are
to place the relative velocity vector outside one of the two legs of the con-
straint zone, by changing the direction of V,,; (and, optionally, changing its
magnitude). These maneuvers are implicitly coordinated when both actors
choose the target state of their resolution maneuver along the same edge of
the velocity constraint area. In practice, therefore, a coordination rule will
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always be a binary choice between two directions of change for the relative
velocity vector.

The experiment preceding this study employed a combination of the
rules of the air and a shortest-way-out rule, to enable implicitly coordinated
maneuvers. In the experiment, pilots made use of a constraint-based sepa-
ration assistance display, that provided an intuitive way to determine which
coordination rule should be applied for a given conflict situation [15]. The
current study will employ the same coordination rules in the fast-time sim-
ulations. The remainder of this section will illustrate how each of these rule
sets can be used to provide implicitly coordinated resolutions.

7-2-1 Coordination using rules of the air

Since 1945, the International Standards - Rules of the air have been published
by the International Civil Aviation Organization (ICAO), as an annex to
the Convention on International Civil Aviation [30]. These rules of the air
include general flight rules, visual flight rules and instrument flight rules.
The visual flight rules include priority rules, that are comparable to priority
rules for road traffic. These priority rules will also be employed in this study.

The priority rules of the air are divided into three rules:

* An aircraft being overtaken has the right of way and the overtaking
aircraft must remain clear by altering heading to the right.

¢ When two aircraft are approaching each other head-on they must both
alter heading to the right.

* Aircraft from the right have the right of way. Remain clear by passing
behind that aircraft.

Figure 7.2 illustrates how the applicable rule can be determined from the
conflict geometry. An aircraft is being overtaken when the intruder aircraft
approaches from behind on a relative bearing no more than 70 degrees from
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Figure 7.2: Determination of applicable rule of the air from conflict geometry. An
aircraft is being overtaken when the intruder aircraft approaches from behind on a relative
bearing no more than 70 degrees from the ownship track. Aircraft are approaching
each other head-on when the difference in track angles is between 160 and 200 degrees.
Otherwise, intruder aircraft either come from the left, in which case they have to give
way to ownship, or they come from the right, and have the right of way.

the ownship track® [30]. The rules of the air also provide a rule for air-
craft that are head-on, or nearly so, but do not specify when exactly this is
the case. This study will assume that aircraft are approaching each other
head-on when the difference in track angles is between 160 and 200 degrees.
Conflicting aircraft that do not fall in any of these categories either come
from the left, in which case they have to give way to the other aircraft, or
they come from the right, and have the right of way.

*The range of bearings of +70 degrees follows from the visibility of the navigation lights
of an aircraft. An aircraft’s port and starboard lights are designed such, that they are not vis-
ible beyond 110 degrees to the left and right of the aircraft’s plane of symmetry, respectively.
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Note, that the ICAO Rules of the Air state that, aside from head-on
conflicts, an aircraft that has the right of way should maintain its current
heading and course. However, in a situation without explicit communica-
tion, safety requires that both actors should at least be able to maneuver, in
a coordinated fashion. This means that for overtake conflicts, aircraft being
overtaken can cooperatively solve the conflict by altering their course to the
left. When an aircraft has an intruder coming from the left, a cooperative
resolution maneuver would be to pass in front of the intruder.

V, A\
ivb
*Vrz
"AV,,, v } ACy ‘
P (/;ﬁ////ﬁggga
' AV, N Rpz

AC,

Figure 7.3: Geometrically optimal solutions guarantee implicit coordination, for all con-
flict geometries with the exception of collision courses. Because of the rotational symmetry
of the velocity constraint areas of both aircraft, selecting the optimal solution for aircraft
AC, will always be complementary to the geometrically optimal solution for aircraft ACy,.

7-2-2 Coordination using minimum path deviation

In most cases, a cooperative resolution can also be derived from the configu-
ration of the velocity constraints, see Figure 7.3. This type of coordination is
related to the conflict solution that results in minimum path deviation, which
can be achieved by taking the shortest way out of the velocity constraints.

Consider the nominal aircraft position at time ¢:

t
Mﬂzm+/VWUMt
to
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The path deviation for a maneuver can be derived from the difference be-
tween maneuver and original velocities:

¢ t
Ax = / 1 |Vsol (t) - Vorig (t)‘ dt - / 1 |AV501 (t)’ dt
to fo

Using Equation (7.2), it can be shown that the path deviation is minimized
by minimizing AVg,,.

Figure 7.3 shows a traffic conflict with two aircraft, and the derivation
of their velocities relative to each other. The circles visualize the horizontal
separation margin around each aircraft, and the areas between the triangle
lines tangent to each circle show the conflicting values for each relative ve-
locity vector. In this figure, AV, is the vector distance between V,,; and the
nearest edge of the velocity constraint area. The shortest distance is found
when AV, is taken perpendicular to the edge of the velocity constraint area
[17, 29]. Figure 7.3 also illustrates that, as long as V,,; is closer to one leg
than to the other, a single optimum for AV, can be found, and that both
aircraft share this optimum. Therefore, implicit coordination is guaranteed
when the optimum is selected as a resolution.

7-2-3 Combined coordination rules

An additional set of rules is required for situations where there is no unique
geometrically optimal solution. These are situations where the distances be-
tween the relative velocity vector and either edge of the velocity constraint
area are equal: The relative velocity vector lies exactly along the bisector of
the velocity constraint area, which means that dcpy = 0, and the aircraft in
conflict are on a collision course. The previous experiment therefore com-
bined the minimum path deviation method with the rules of the air for
conflicts where the maneuver choice is ambiguous in terms of coordination.

7-3 Simulation set-up

A simulation study was performed to investigate how implicit coordination
and efficiency in decentralized CD&R are affected by several inherent prop-
erties of the separation problem, by the shape of the coordination rules, and
by particular pilot preferences that were found in previous human-subject
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experiments. Each of these properties was systematically varied in fast-time
batch simulations, to identify their individual contributions to the emergent
behavior and efficiency of decentralized aircraft conflict resolution.

7-3-1 Simulation design

The simulation was designed to evaluate conflict resolution rules and strate-
gies, in two-aircraft scenarios, for varying conflict geometries and system
delays. In the evaluation, only conflict detection and the initial conflict res-
olution maneuver for each aircraft were considered, additional maneuvers
that might be required when initial maneuvers are conflicting were left out
of the analysis. In these situations, manual pilot responses are very unpre-
dictable, whereas specific design for resolution automation is not the focus
of this study.

Schedule Aircraft A Aircraft B

==t =0 =-=-gEEEEE R Conflict

LI S Analyze

bty oo oonflict ] Analyze

conflict
b+t Apply
+ ta, resolution

................. conﬂmtresolvedl

——tepd  crmeeeeiieioooe- @

Figure 7.4: Example of a simulation run schedule. In this example, aircraft A detects
the conflict first, and resolves the conflict before aircraft B has finished analyzing the
conflict.
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The simulator considers the process of conflict detection, resolution, and
aircraft motion as a series of discrete events. In each simulation, (simulated)
pilots can perform conflict detection, maneuver determination and execution
events. The (simulated) time at which these events occur is determined
by various latencies in the decision model. The simulator schedules the
events of each simulated pilot in order of occurrence. An example of such
a schedule is given in Figure 7.4. The simulator calculates updates of the
aircraft states for each agent in a conflict, prior to the evaluation of each
scheduled event.

Aircraft motion was modeled using a discrete-event point-mass model
[33]. The model consists of analytically derived expressions for straight
flight, unaccelerated turns, and accelerated turns. Transitions between ma-
neuvers were assumed to be instantaneous (no maneuver dynamics were
modeled). Model coefficients for these point-mass models were obtained
from EUROCONTROL’s BADA aircraft database [34]. The experiment was
conducted with zero wind, and no turbulence. Although wind conditions
will impact maneuverability, these effects were considered out of scope for
the current evaluation. Aircraft flew at flight level FL250, because at this
altitude airspeed still has usable margins between minimum and maximum
operating speed. The aircraft type was randomly selected in each simula-
tion run from a set of two possible aircraft, equal to the aircraft types used
in the manned experiment. Table 7.1 shows the relevant model parameters
for these aircraft.

Table 7.1: Relevant data for the aircraft models in the experiment.

Boeing 707-300 Airbus A330

TAS,in  [kts] 282.4 331.1
TAS,c  |kts] 530.1 4715
TAS,yise  |Kts] 485.0 432.0

Conflict geometries were created by systematically varying conflict angle
(Ax) and CPA distance (dcpa), and randomly varying time to loss of sepa-
ration, see Figure 7.5. Here, the conflict angle determines the shape and
orientation of the forbidden area, and the magnitude of the closing speed
between the two aircraft. The distance at the CPA, dcps, determines how
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Figure 7.5: The conflict geometry for each scenario is defined by three parameters:
conflict angle Ay, time to first loss of separation t1,5, and the distance between the two
aircraft at the closest point of approach dcps. The conflict angle is the angle between
intruder and ownship tracks. The time to first loss of separation determines the initial
distances in the conflict. The distance at the CPA determines how close the two aircraft
will pass each other should neither aircraft maneuver.

the aircraft pass each other, and at what distance. The time to first loss of
separation varied between 3 - 5 minutes, which meant a medium to high
level of urgency for each conflict scenario.

. Analyze Apply @
t t —)t
<Conﬂ1ct B B conflict resolution

Figure 7.6: The pilot decision logic. Conflicts are detected after ts + t, seconds (the
system delay and the reaction time, respectively). Conflict analysis takes f, seconds, after
which a resolution according to the applicable coordination rule is applied.
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7-3-2 Decision logic

Figure 7.6 shows how pilot decision making is modeled, from the moment
that a conflict is first detected, until a resolution maneuver is selected and
executed. There are three time parameters in the model: a system delay (t;),
a pilot response time latency (t,), and a pilot analysis time duration (¢,). The
system delay consists of processing delays within the Automatic Dependent
Surveillance — Broadcast (ADS-B) system, as well as any communication
delay that might occur. When it is assumed that broadcast ADS-B messages
are based on current data (i.e., that there are no processing delays), and
are always received, the system delay only depends on the message rate.
An ADS-B transmitter sends one message per second, which would mean
a system delay between zero and one second. In reality, not all broadcast
messages will be received, resulting in larger system delays. The effects of
this delay will be investigated in this study.

1 S S

probability [-]
(=)
&

0 20 40 60 80 100

t, + t, [sec]

Figure 7.7: Probability density function for the combination of response time and analy-
sis time, t, + f;. Values for this combined latency are given in seconds along the abscissa,
the probability of occurrence is indicated along the ordinal axis.

Conflict Detection and Resolution (CD&R) will be just one of many tasks
performed on the flight deck, which means that pilot response time can not
be neglected. In addition, after detecting a conflict, pilots will also require a
certain amount of time to analyze the conflict, and determine an appropriate
response. For the current simulation, values for response time and analysis
duration were derived from latencies measured in the previous experiment
[15]. The minimum observed latency was chosen as response time, t, = 2
sec; the remainder fitted a log-normal distribution (i = 2.31, o = 0.708), see
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Figure 7.7. In the simulation, values for t, were randomly drawn from this
distribution, for each pilot, in each experimental run.

The Analyze conflict block represents the decision-making phase, where
the pilot selects a maneuver that is appropriate for the actual conflict. In
the current simulation, this decision making is modeled as a completely
deterministic process, based only on the applied conflict resolution rule set,
and a possible maneuver dimension preference. In practice, manual conflict
resolution would imply a certain percentage of error, this is, however, out of
scope for the current research.

7-3-3 Independent variables

Throughout the simulation, four independent variables were varied. Conflict
geometry was a factor that is defined by two sub-parameters: the conflict
angle varied between 0 and 180 degrees, in steps of 5 degrees, and CPA
distance varied between £4.75 nautical miles, in steps of 0.25 nmi. This
resulted in 1443 different conflict geometries (37 x 39). Resolution policy was
a factor with three levels: conflicts could be resolved cooperatively using
coordination based on the Rules of the Air (R), the optimal shortest-way out
(O), or a combination of both (R+O), see Section 7-2.

The system delay could vary between zero and a certain maximum. This
maximum system delay was a factor that varied between 0 and 10 seconds in
steps of one second, and between 10 and 60 seconds in steps of five seconds.
For each run, the actual system delay value was determined separately for
each aircraft using a random draw from a uniform distribution, between
zero and the maximum delay. For non-zero maximum delay this meant
that the aircraft in each conflict could have unequal system delays. Pilot
heading-only maneuver preference was evaluated in a separate case. These
simulations only considered the optimal (O) resolution policy, and only with
zero system delay.

7-3-4 Dependent measures

Dependent measures for this simulation study related to maneuver strategy,
level of cooperation, and the efficiency of the applied resolutions. Maneuver
strategy related to the solution type in terms of vector change dimensions
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(heading and speed). The level of cooperation if one or both aircraft maneu-
vered, and if their resolutions were cooperative. Path deviation was used as
a measure of efficiency. All measures were constructed from simulated time
histories of parameters position, heading, and selected speed and heading.

7-4 Results

7-4-1 Solution type and level of cooperation

The available resolution maneuvers for a conflict can be grouped by the
flight parameters that were changed to resolve each conflict. For horizon-
tal conflict resolution the available maneuver options are heading changes,
speed changes, or a combination of the two. In general, possible factors that
influence the selection of a maneuver are the conflict geometry, aircraft per-
formance limitations, phase of flight, and personal or airline preference. In
this particular case, i.e., fully deterministic simulations of different rule sets
for conflict resolution, only conflict geometry in combination with the own
aircraft’s performance limitations will play a role.

Table 7.2: Percentages maneuver choice for a single aircraft.

Ruleset None HDG+SPD HDG only SPD only

R+O  42.7% 55.9% 1.6% 0.0%
R 29.4% 61.9% 9.4% 0.0%
o 44.4% 55.4% 0.4% 0.0%

For each of the three rule sets, after discarding those solutions that do
not comply with the applicable coordination rule, and those that exceed the
aircraft’s performance limits, the remaining resolution possibilities are still
compared based on efficiency, where the most efficient remaining maneu-
ver is selected as a resolution to the conflict. Table 7.2 shows the maneuver
choice distribution for each of the rule sets. When comparing rule set R to
rule sets R+O and O in terms of single aircraft solutions, it can be seen that
a resolution performed by only one aircraft occurs more often with the lat-
ter two rule sets than with the former. This difference results from the fact
that whereas the optimal coordination rule always results in the coordinated
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resolution being on the closest edge of the velocity constraint area, coordi-
nation based on the rules of the air may actually lead away from the nearest
edge of the constraint area. This leads to relatively longer maneuver times
for rule set R, increasing the probability that both aircraft maneuver. This
is also visible in Figure 7.8(a): The percentage of single-aircraft resolutions,
sorted by CPA distance, is symmetric around dcps = 0 for the optimal rule
sets, but is increasingly reduced for more negative CPA values for the rules
of the air rule set.

Rules o/t Air — Rules o/t Air+Optimal =~ — Optimal

100 (a) 100 (b)

Percentage [-]
o
Percentage [-]
o

-5 0 5 0 90 180
CPA distance [nmi] Conflict angle [deg]

Figure 7.8: Percentage of single-aircraft maneuvers for each of the three rule sets. (a):
Percentage of single-aircraft maneuvers versus CPA distance in nautical miles along the
abscissa. (b): Percentage of single-aircraft maneuvers versus conflict angle in degrees
along the abscissa.

Figure 7.8(b) shows the percentage of single-aircraft resolutions, sorted
by conflict angle. It shows that for relatively small conflict angles (20 - 60
degrees), the percentage of single-aircraft resolutions drops noticeably. This
drop coincides with an increase in speed change that is required when re-
solving conflicts with these geometries. Because speed changes, in general,
are slower than heading changes, these resolution maneuvers take longer,
making the conflict more imminent, and increasing the chances of both air-
craft maneuvering.

In the remaining conflicts, both aircraft maneuvered, either cooperatively,
or opposing, see Table 7.3. It can be seen that especially the percentage of
opposing solutions is larger when using only rules of the air, compared
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Table 7.3: Percentages level of cooperation for aircraft pairs.

Ruleset Single Cooperative Opposing

R+O  42.7% 56.7% 0.6%
R 29.4% 69.1% 1.5%
@) 44.4% 54.8% 0.8%

to the other two rule sets. The distribution of these opposing resolutions
over the possible conflict geometries is shown for each rule set in Figure 7.9.
Because the current simulation does not include pilot or data uncertainty,
opposing solutions in principle only occur when the desired maneuver is
obscured by a speed limit of the own aircraft, or, with the optimal rule set
(0), in situations where dcpa = 0. In some cases, however, with the optimal
rule set, an uncoordinated solution is also selected for small non-zero dcpa.
In the current conflict resolution logic, possible solutions for a conflict are
determined using velocity constraint areas that are corrected for maneuver
duration, similar to the separation assistance display on which the optimal
coordination rule is based [29]. The current implementation to correct for
maneuver duration does so by looking at the smallest available heading
change. In some situations it can happen that the edge of the constraint area
along which the coordinated solutions lie receives a larger correction than
the opposite edge, making solutions along the opposite edge seem more
efficient. Because coordination is based solely on maneuver efficiency, such
corrections can lead to uncoordinated solutions. This occurred in 63 out of
8,259 conflicts with opposing resolutions with the optimal rule set (0.76%).

Figure 7.9(a) shows the distribution of opposing solutions for the rules
of the air rule set. Maneuvering solely on rules of the air implies that so-
lutions on one of the edges of the velocity constraint area are immediately
discarded”. Similar to the optimal rule sets, conflict geometries with moder-
ate conflict angles (20-60°) can lead to situations where the speed solution
and the combined solution on the front constraint area edge are unavailable
because they would exceed the maximum speed limit. When all solutions
on the opposite edge are discarded, however, this will happen twice as often.

*In the current simulation, these solutions are sometimes considered, but only when
there is no reachable maneuver available on the coordinated edge of the velocity constraint
area.
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Figure 7.9: Percentage of opposing solutions for each of the three rule sets.
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(a):

Rules of the air (R), (b): Rules of the air + optimal (R+0), and (c): Optimal (O).
The percentages are divided by CPA distance along the abscissa, and by conflict angle
along the ordinal axis. The percentages are indicated between zero and thirty percent
by increasing shades of gray. In each figure, a black dashed line indicates the area in
which opposing maneuvers occur, and a gray dashed line indicates the area in which the
preferred solution is obscured by the aircraft’s speed limits.
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In Figure 7.9(a), this is revealed by a large percentage of opposing solutions
for small conflict angles and large negative dcpa.

On the other hand, when comparing rule set R to the other rule sets for
larger conflict angles, combined with smaller CPA distances, the rules of the
air actually result in fewer opposing resolutions. Because the optimal rule
sets (O, R+0O) do not specifically exclude solutions on either of the edges
of the velocity constraint area, a second-best solution is sometimes found
on the constraint area edge opposite to the preferred solution, when the
preferred solution is excluded because of a speed limit (such solutions are,
however, not cooperative). For the rules of the air, when a heading solution
is available on the cooperative constraint area edge, this solution will be
preferred over a solution on the opposite edge. Note, however, that when
both aircraft are flying at similar cruise speed, these heading maneuvers
lead to a (near) parallel course, which occurred in 1.2% of the cases.

It should also be noted that according to the rules of the air, aircraft that
can cooperate by passing in front of the intruding aircraft by definition have
right of way, and therefore in principle do not have to maneuver. When the
aircraft is in a situation where it cannot be assumed that the other aircraft
will maneuver to resolve the conflict, an alternative solution could be to se-
lect the nearest solution on the top edge of the constraint area that is within
the speed limit of the aircraft, leading to a slightly less parallel course. This
type of maneuver was, however, not considered in the current simulation.

Figure 7.9(b) shows the distribution of opposing solutions for the com-
bined rules of the air and optimal rule set (R+O). It can be seen that be-
cause the rules of the air are used here for conflicts with a small expected
CPA, the number of opposing solutions for larger conflict angles is reduced,
compared to the optimal rule set (Figure 7.9(c)). Instead of selecting a non-
cooperative solution on the opposite constraint area edge, a heading change
on the coordinated edge is used to resolve the conflict (see also the increase
in heading-only solutions in Table 7.2).

Figure 7.10 shows how the percentage of opposing resolutions changes
when a heading-only maneuver preference is applied in combination with
the Optimal (O) rule set. When compared to Figure 7.9(c) it can be seen that
opposing solutions occur in a smaller range of conflict angles, but in a wider
range of CPA distances. In this case, a heading solution is always preferred
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Figure 7.10: Percentage of opposing solutions for each the optimal (O) rule set, with
a heading-only maneuver preference. The percentages are divided by CPA distance along
the abscissa, and by conflict angle along the ordinal axis. The percentages are indicated
between zero and thirty percent by increasing shades of gray.

over a solution that involves a speed change. This means that speed limits
do not affect the number of opposing resolutions. The opposing maneuvers
in Figure 7.10, therefore, correspond to situations where a speed change is
required to cooperatively resolve a conflict. This occurs in situations where
the intruder is flying faster than ownship, at a relative bearing close to 90
degrees (i.e., right next to ownship). This corresponds to a small (non-zero)
conflict angle, as can be seen in Figure 7.10. For larger conflict angles a
heading-only solution does become available. When ownship and intruder
are flying at similar or equal velocity, however, these heading maneuvers
can result in (near) parallel courses.

Figure 7.11 shows how the level of cooperation varies when the ADS-B
message delay increases, for each of the three rule sets. The percentage of
single-aircraft solutions shows similar trends with varying message delay for
all three rule sets. Between zero and ten seconds message delay, each graph
in Figure 7.11 shows a decrease of single-aircraft resolutions. The dominant
factor in this range of message delays, is that the increasing duration of
the message dropout period reduces the chances that a maneuver from the
other aircraft is observed. Because of this, it is more likely that both aircraft



[l Single 3 Cooperative [ Opposing

__ 100

°

g7

®

g

& 50

o}

Q

< 25

>

4

0
0 30 60 0 30 60

At [sec] At [sec]
100

(c)

9
& 75
=
2
& 50
o]
QO
% 25
>
[«P]
= 0
0 30 60
At [sec]

Figure 7.11: Cumulative graph of the level of cooperation for each of the three rule sets.
(a): Rules of the air (R), (b): Rules of the air + optimal (R+0), and (c): Optimal (O).
The level of cooperation varies with ADS-B message delay (Ats) along the abscissa.
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Figure 7.12: The effect of a message delay on perceived constraints. Here, own is
the ownship, int is the true intruder position, and int’ is the last broadcast position of
the intruder. FA gives the extents of the true horizontal velocity constraints, while FA’
represents the constraints that are calculated with the outdated ADS-B message. In this
example, the employed ADS-B sample is sixty seconds too old; At = 60 sec.

maneuver, even though this is not necessary. The combined efficiency of the
two aircraft therefore also goes down.

The downward trend of the number of single-aircraft resolutions re-
verses, however, when the message delay is increased beyond ten seconds.
This is caused by the fact that changing the position of one aircraft in a
conflict also changes the (perceived) relative position of that aircraft, and
therewith the constraints that this aircraft imposes on the other aircraft in
the conflict (the forbidden area rotates around its apex). Given enough de-
lay, this can cause conflicts to go undetected. As a result, it can happen that
only one aircraft detects the conflict, and only that aircraft will maneuver to
resolve the conflict. For smaller delays, only conflicts with a large predicted
dcpa can go undetected. This range increases with increasing delay.

In contrast to the number of single-aircraft solutions, a difference be-
tween rule sets can be found in terms of opposing resolutions, when ADS-B
delay is increased. Although in the ideal, zero delay case, optimal rule
sets have superior performance in terms of opposing maneuvers, the Rules
of the air perform better when ADS-B delays are introduced. In fact, Fig-
ure 7.11(a) shows that the proportion of opposing resolutions reduces from
1.5% to 0.2%, when the rules of the air are applied, and the ADS-B delay
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is increased from zero to sixty seconds. In contrast, with the optimal rule
set, the proportion of opposing resolutions shows an increase from 0.8% to
a maximum of 23.2% (see Figure 7.11(c)).

With the rules of the air, a coordinated maneuver is determined largely
from the relative bearing of the intruder aircraft, by distinguishing between
four quadrants around ownship. This method is relatively robust against
uncertainties in position. Methods that optimize for efficiency, such as the
R+0O and O rule sets in this study, on the other hand, are much more sen-
sitive to small changes in relative position: Figure 7.12 shows that an error
in intruder position along the intruder track rotates the velocity constraint
area caused by that intruder. The optimal rule sets determine a coordinated
maneuver by observing on which side of the constraint area bisector the rela-
tive velocity vector is situated. A rotation of the constraint area can therefore
have influence on the selection of a coordinated maneuver.

7-4-2 Performance

Figure 7.13 shows how the mean path deviation varies with conflict angle
and CPA distance, for each of the rule sets. In these graphs, exactly parallel
solutions are excluded, as well as opposing solutions. Parallel courses are
discarded because they never reach a point where the aircraft can return to
its original track. Opposing solutions are discarded because there, the path
deviation not only depends on the initial resolution maneuvers, but also on
how the opposing solutions are handled.

Because the simulation doesn’t include uncertain data or pilot decisions,
the average path deviations for the optimal (O) rule set (Figure 7.13(c)) al-
ways correspond to the most efficient resolutions (Note, though, that the
values in Figure 7.13 are an average of the single-aircraft and the cooper-
ative resolutions). As expected, the largest path deviations occur around
dcpa = 0, and path deviations reduce symmetrically for increasing (abso-
lute) CPA distances. Figure 7.13(c) also shows that, for a given value of
dcpa, path deviation doesn’t vary noticeably with conflict angle.

Figure 7.13(a) shows that the path deviation for rule set R increases with
increasingly negative dcpa, with a trend similar to the optimal (O) rule set.
An exception to this trend can be seen for conflict angles between 40 and
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Figure 7.13: Path deviation for each of the three rule sets. (a): Rules of the air (R),
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80 degrees, combined with negative values for dcps. Here, average path
deviation values increase up to a factor two, compared to other conflict an-
gles. These inefficient maneuvers occur when more efficient coordinated
maneuvers are obscured by the aircraft’s speed limit. The only coordinated
maneuver available, in this case, is a heading-only maneuver, which maneu-
vers the aircraft to parallel courses.

Figure 7.13(b) shows the average path deviation for the R+O rule set. For
small conflict angles and small negative values for dcpy, it can be seen that
the less efficient rules of the air maneuvers are used for coordination. For
larger conflict angles the range of CPA values for which the rules of the air
are applied is increased. This effect follows from the definition of the con-
flict geometry in the simulation. Recall that a conflict is defined using the
cruise characteristics of both aircraft, and the three parameters conflict angle,
expected CPA distance, and time to CPA. When comparing a conflict where
X = 0° and a conflict where x = 180°, with equal time to CPA, the ini-
tial distance between the two aircraft is many times larger in the latter case,
compared to the former. For increasing conflict angles, therefore, the width
of the forbidden area decreases, and the ratio between the expected CPA
distance and the opening angle of the forbidden area increases. The rules of
the air are applied when the relative velocity vector is within a certain angle
from the bisector of the forbidden area, which means that the rules of the
air are applied for a widening range of expected CPA, for increasing conflict
angle. The negative effect of the applied rule on path deviation is asymmet-
ric around dcps = 0, because for dcps > 0, the optimal solution complies
with the rules of the air, which means that the most efficient maneuver can
be applied.

Figure 7.14 shows how path deviation using the Optimal strategy (O)
is affected by a heading-only maneuver preference. When compared to Fig-
ure 7.13(c), it can be seen that especially for small conflict angles, path devia-
tion is negatively affected by a heading-only maneuver preference. For such
conflicts, when heading maneuvers are available at all, they are either very
large, or they result in a (near) parallel course. For large conflict angles and
large initial CPA distances, on the other hand, there is little to no difference
between heading-only and combined maneuvers. In both these situations,
the nearest heading solution and the optimal solution lie close to each other
in the maneuver space, making the difference in path deviation negligible.
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Performance in terms of path deviation did not show differences be-
tween rule sets, when ADS-B delay was varied. For all three rule sets, path
deviation increased marginally (22% at most), when ADS-B delay was in-
creased. This increase relates to the fact that the chance that an intruder
maneuver can be taken into account when determining the own maneuver
is reduced, when delays are introduced to the state communication. Fig-
ure 7.15 shows the average number of maneuvers that are required to re-
solve a conflict, for single-aircraft resolutions, and cooperative resolutions
(dashed lines). It can be seen that with zero delay, the average number of
maneuvers is close to one, regardless of rule set or level of cooperation (sin-
gle/cooperative). When ADS-B delay is increased, however, the number of
maneuvers required increases for single-aircraft resolutions. As illustrated
in Figure 7.12, this can be caused by a rotation of the velocity constraints
with respect to the true state. Because the true constraints are not known,
it can happen that the initial maneuver does not resolve the conflict. A sec-
ond possible cause is that, because the intruder aircraft is perceived as being
further away than it really is, the forbidden area becomes narrower than it
should be, making it an underestimation of the true constraints. This effect
will be more severe when aircraft are closer together.

Compared to the single-aircraft resolutions, almost no increase in the
required number of maneuvers is observed in the case of cooperative reso-
lutions (the dashed lines in Figure 7.15). This is also caused by the fact that
with non-zero delay, intruder maneuvers are less likely to be observed. As a
result, the magnitude of both maneuvers in a cooperative resolution will be
higher, which reduces the chance that an additional correction on the origi-
nal maneuver is required. Figure 7.15 also shows that the effect of delay on
the average number of required maneuvers is larger when the rules of the
air are used, compared to the other two rule sets. Similar to the increase in
path deviation in Figure 7.13(a), this is caused by the fact that for negative
dcpa, larger maneuvers are required with the rules of the air rule set.

The non-zero ADS-B delay also had an effect on the number of losses of
separation, detected by the aircraft. This occurred with small conflict angles
(and therefore also small relative velocities). Because the conflicts in this
simulation study were designed with a constant time to loss of separation,
aircraft start off close together in conflict situations with a small conflict
angle. Using intruder data from only a short time earlier can then make it
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seem as if there is already a loss of separation, while in fact both aircraft are
still separated. In reality such situations are unlikely to occur because these
kinds of overtake scenarios are detected earlier, when the aircraft are still
further apart.

7-5 Discussion

The simulation study presented in this paper is part of a larger study on
the design of an airborne separation assistance interface. This study ap-
plies a Cognitive Systems Engineering approach to determine what kind of
information should be present on such an interface. This approach puts em-
phasis on the semantic structure of the work domain, as it invariably shapes
the possibilities for work, regardless of whether this work is done by a hu-
man operator or an automated system. In the current study, the same focus
on the inherent work domain properties is applied, in an effort to provide
fundamental insights to how safety is affected by the base properties of the
separation problem.

Even though the current simulations only consider deterministic prop-
erties of the separation problem, and therefore can not provide conclusive
results regarding safety, they can provide useful insights. Such simulations
can reveal whether emergent behavior is satisfactory, when simulated agents
are all exactly acting according to procedure [35]. They also provide a struc-
tured way of identifying individual contributions of specific properties of
the work domain to the emergent behavior and efficiency of decentralized
aircraft conflict resolution.

The results in terms of level of cooperation in this study should therefore
not be taken as percentages representative of the real system. Instead they
can be used to investigate in which situations multi-agent solutions are more
likely to occur, and which situations pose problems for cooperative behav-
ior. There are, for instance, situations possible where, because of maximum
speed restrictions, the only available cooperative maneuver for an aircraft
would be not to maneuver at all. This has important repercussions for the
safety of the system: The system would be safest if all aircraft in a conflict
are individually able to resolve the conflict, each in a way that would be
cooperative with the possible maneuvers of the other aircraft in the conflict.
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The benefit over a priority rule, where one or more aircraft are required to
maintain their original course, is that this way, the safe course of an aircraft
that has right of way does not depend on the actions of another aircraft. Al-
though this study considered certain specific coordination rules, it can be
shown that for any coordination rule that does not consider specific aircraft
capabilities, there exist situations where cooperative maneuvering will not
be possible. A possible solution would be a priority rule where the faster
aircraft in a conflict maneuvers in front of the slower aircraft.

The simulation results also showed situations where the availability of
a coordinated resolution is affected by the type of coordination rule, or ma-
neuver strategy that is applied. With the rules of the air, for instance, conflict
geometries with a large negative CPA distance, combined with a moderate
conflict angle (Ax € [20,60]) can only be solved cooperatively when a large
speed increase is applied. In a similar conflict, the optimal rules dictate coor-
dinated resolutions that require a much smaller state change, thus reducing
the chance that a resolution is obscured by a speed limit. The optimal rules,
on the other hand, are ambiguous in terms of coordination around dcpy = 0.
The range of CPA distances that can result in uncoordinated resolutions in-
creases with asymmetric data uncertainty such as an ADS-B broadcast delay,
but also when a heading-solution based method to account for maneuver dy-
namics (see e.g., [36]) is used to correct the shape of the velocity constraints.
The heading-only preference that is found in many pilot evaluation stud-
ies can also eliminate a cooperative resolution, in conflict geometries where
coordination requires at least one aircraft to increase velocity.

When coordination is based solely on the relative bearing between air-
craft (e.g., rules of the air), it can happen that solutions that are actually
very efficient, have to be discarded to comply with the coordination rule. In
this study, the penalty in terms of path deviation was up to 7 nautical miles
for medium-term conflicts (3-5 min). This method of coordination, how-
ever, also has its benefits. Compared to the optimal rule set, coordination
based on the rules of the air is relatively robust against asymmetric data
uncertainties such as an ADS-B delay: a small change in (perceived) rela-
tive position will only rarely result in the intruder moving from one relative
bearing quadrant to another. Even when it does, the rules of the air are such
that the applicable resolution options are consistent across quadrant bound-
aries. In contrast, when coordination is based on maneuver optimality, the
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effects of small (asymmetric) relative position errors are not negligible, as
was shown in Figure 7.12.

This study investigated coordination only in the horizontal plane, and
only for single pairs of aircraft. Even in this simplified case, the results show
that selecting a coordinated maneuver is not always trivial. When vertical
geometry and maneuvering are also taken into account, the possibilities for
maneuvering will obviously increase, but coordination rules will become
more complex. Multi-aircraft conflicts will further increase this complexity,
as the constraints in terms of coordination will go up exponentially. These
issues should be the focus of future research.

7-6 Conclusions

In an effort to categorize how base properties of the airborne separation
work domain affect safety and efficiency, regardless of specific CD&R au-
tomation, this simulation study took a systems approach to analyze the
emergent properties of airborne separation. The result was a completely
deterministic set of simulations, where base properties of conflict geometry,
coordination regulation, and system delay, were varied.

Two important results were found from these simulations. First, results
show that certain conflict situations exist, where aircraft speed limits make
any kind of coordinated maneuver impossible, unless coordination rules
take individual aircraft capabilities into account. These restrictions on co-
operative maneuvering are imposed solely by the geometry of the conflict,
which means that for any coordination rule that does not consider specific
aircraft capabilities, there exist situations where cooperative maneuvering
will not be possible.

Second, it was found that although the rules of the air relatively often
result in situations where speed limits inhibit a coordinated maneuver, be-
cause of the large maneuvers that are sometimes required, they are much
more robust against data uncertainties that affect only one aircraft, such as
an ADS-B transmission delay. When this delay increases, shortest-way-out
methods can lose coordination, because the shape of the velocity constraints
is sensitive to small changes in relative position.
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Even though these simulations cannot provide conclusive results regard-
ing safety, they do provide valuable insights, which can be incorporated in
the design of regulation, automation, and visualization for the future air-
borne separation system.
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Discussion and conclusions

This chapter combines results and conclusions from each of the preced-
ing chapters. It aims to obtain an overarching view on the challenges
of designing a situation awareness tool for airborne separation, and to
illustrate how the concepts developed in this thesis face up to complex,
real-world applications. This chapter also discusses the difficulties of
evaluating tools designed to be used by experts, especially those created
for domains that do not yet exist.
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8-1 Design of an airborne separation assistance
display

Since 2005, a ‘master plan’ for the future of the European Airspace System
has been laid out, to overcome its current capacity problems [1, 2]. The
most ambitious plans, which will take place beyond 2020, propose (various
degrees of) delegation of separation responsibility from the air-traffic con-
troller to the aircrew, as a way to reduce controller workload and increase
airspace capacity. These plans will have far-reaching consequences for the
degree of automation, both on the ground and in the cockpit. While this
increase in automation is not necessarily a problem in itself, it does raise the
question how tasks should be distributed, and, more importantly, how they
should be coordinated between human and automated actors [3-10]. This
thesis considered the changes required on the flight-deck, when separation
responsibility is delegated to the aircrew.

8-1-1 Interfacing humans, automation, and work

A key observation for any change on the flight deck is that the introduction
of automated systems cannot be considered in isolation: human operators
and automation are not independent actors. Rather, they share a work do-
main, in which both operate, and adding a piece of automation will have
a profound effect on the nature of the human operator’s role in the system.
Especially because pilots remain responsible for the proper functioning and
safety of their aircraft, the level of cooperation between humans and automa-
tion will be a deciding factor for the feasibility of airborne separation.

For automation to be cooperative, it needs to be both observable and
directable [7]. Observability of automation implies that the human oper-
ator is able to follow the line of reasoning in the decision making of the
automated system. This interaction requires a shared representation of the
situation [7, 11, 12]. More specifically, not only should the operator have in-
sight in the functioning of the automation itself (the more traditional dyadic
approach to interface design), humans and automation should also share
a common understanding of the work domain, which is what Bennett and
Flach call a triadic approach to interface design [13].
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The purpose of this thesis, therefore, was to determine what kind of
information would be required for this shared representation, and to de-
termine how this information should be presented, such that it maximizes
transparency of automation. The focus lay on the representation of work
domain information, which resulted in two design concepts, presented in
Chapter 3 and Chapter 4. A constraint-based approach was used, inspired
by Ecological Interface Design (EID), to reveal and categorize the semantic
structure of the work domain (Section 3-2), in an effort to provide a common
basis on which both automation and visualization can be based [14, 15].

According to Billings [16], as long as humans remain responsible for the
actions of the automation, they must also have unequivocal authority over
the decision-making process of the automation. More than providing just
a single resolution, that can either be accepted or ignored, the automation
needs to provide means of cooperative interaction, such that the human op-
erator can direct the solution methods of the automation. More specifically,
the human operator should not be there only to resolve the anomalies in the
functioning of the automation, but should be actively involved in the normal
operational decision process [17]. Although this thesis does not present any
automated mode of resolution, the presentation of work domain constraints
in the concepts in this thesis does provide a basis for directable automa-
tion, as it provides a way to compare resolution options, and to evaluate
how each of the resolutions relates to the separation problem. Because this
work domain information invariably forms the premise on which automa-
tion bases its actions, presenting this information will be essential for active
involvement of human operators in the decision-making process.

8-1-2 Visual form

Vicente and Rasmussen identified three dimensions that define the core of
the interface design problem: content (what are the goal-relevant properties
of the work domain?), structure (how are these properties related?), and form
(what visual form should be used to represent these properties?) [14]. In
EID, content and structure are determined through a work domain analy-
sis, using tools such as the Abstraction Hierarchy (AH), developed by Ras-
mussen [18]. Section 3-2 presented a work domain analysis for the airborne
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separation problem, that is based on previous analyses [19-22]. The result-
ing AH identifies productivity, efficiency, and safety as primary functional
goals, and shows how they relate to several holonomic (energy equations,
principles of absolute and relative locomotion, ...) and nonholonomic (sep-
aration margins, airspace structure, ...) constraints. The analysis also re-
vealed how the relevant properties of the work domain can be categorized
as being either internal, or external to the own aircraft.

Determining an appropriate visual form, however, does not have a clearly
defined recipe in EID (neither, for that matter, do most, if not all, other in-
terface design paradigms) [23, 24]. On the other hand, while in the domain
of process control, the application of EID could benefit from a relatively
large amount of freedom to design a radically new display, the flight-deck
has a well-defined, existing ecology, where significant modifications or ad-
ditions are complicated by issues such as limited display real-estate, a strict
and lengthy certification process, and training issues. The existing ecology,
therefore, determines the reference situation for any new cockpit display.
For travel planning and avoidance, pilots already make use of the outside
view and existing cockpit instruments, to perceive the affordances of the
airspace. The previous separation assistance concepts, as well as the two
concepts in this study, aimed to enhance this perception, by adding overlays
that reveal higher-order information about the separation problem [22, 25].

The first of the two concepts that preceded this thesis, the horizontal
separation assistance display, used the Horizontal Situation Display (HSD)
to present the travel affordances. The second display, the vertical separation
assistance display, projected the additional information on the Vertical Situ-
ation Display (VSD). Both concepts present a planar projection of the own
aircraft three-dimensional maneuver space. These projections represent sim-
plified, two-dimensional versions of the maneuver space. Because of this
planar projection, both displays inescapably discard information about the
three-dimensional structure. The aim of the concepts in this thesis was,
therefore, to find a representation that captures as much as possible the rel-
evant information of the multi-dimensional separation problem.

A crucial aspect in this analysis is that concessions with respect to re-
vealing the three-dimensional structure of the separation problem are in-
escapable, a problem inherent to the presentation of multi-dimensional data
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on a two-dimensional display [26, 27]. This thesis argued that these con-
cessions should be motivated based on the task requirements for the result-
ing display. This task-oriented approach seemingly conflicts with Vicente’s
view, who argues that a task-based approach to display design might im-
pede other strategies [14]. The fact that a task-based approach can have this
effect can indeed clearly be seen with the one-dimensional bands visualiza-
tion in initial versions of the P-ASAS system. The argument for one-dimen-
sional bands is that current practice rarely incorporates multi-dimensional
resolutions, i.e., a task-based decision. In practice, however, the automated
resolution system that accompanies the bands display can generate two-di-
mensional solutions, which are not recognizable as valid solutions on the
one-dimensional bands. Also more generally, there are conflict situations
where one-dimensional resolutions either do not exist (because of a speed
limit), or are very inefficient (a heading solution at equal velocities, resulting
in a parallel course). In these situations, a two-dimensional maneuver can
have a clear advantage over a one-dimensional maneuver.

The limiting factors of a two-dimensional screen remain a fact, however,
so if the relevant work domain information can not be unambiguously pre-
sented within the dimensions of the interface, the next logical aspect to con-
sider is what kind of tasks are performed in that work domain [28, 29]. This
means that aside from the task of airborne separation itself, also the implica-
tions of interaction with existing tasks (e.g., path planning) should be exam-
ined. The horizontal and vertical display concepts preceding the work in this
thesis, therefore, related airborne separation to horizontal trajectory manage-
ment, and vertical path management, respectively. These concepts showed
that the separation constraints can be functionally presented in two dimen-
sions, that could be mapped onto existing situation displays [22, 25]. The
constraint projections in these displays are valid, under the assumption that
a conflict lies exactly in the plane of projection. When this assumption no
longer holds, the projected constraints can become overly conservative. To
go beyond these single planar projections, two options can be distinguished:
perspective displays and co-planar displays: options that were both consid-
ered in this thesis. Chapter 3 investigated an egocentric (semi-)perspective
display, whereas Chapter 4 considered a co-planar approach.

Here, the choice for a particular visualization depends on the specifics
of the separation task, and in which context it is performed. From previous



240 Chapter 8

studies and experiments, several arguments can be found for the use of a co-
planar display. First, experiments presented in this thesis, as well as those
performed in other studies, showed that pilots have a strong preference for
single-axis resolution maneuvers [30-33]. Although this does not imply that
one-dimensional representations should be used (the above discussion), it
does argue for a co-planar over a perspective display, because only a co-
planar representation provides an undistorted view on the constraints along
each axis. A second argument for a co-planar display can be drawn from the
design of each of the constraint-based separation assistance displays. They
illustrate that traffic constraints can become complex, yet precise judgment
of these constraints is valuable for safe and efficient conflict resolution. They
also illustrate that the planar projections of the constraints show an intuitive
relation with the absolute geometry of the conflict, which benefits situation
awareness. Perspective distortion makes this relation less visible in a per-
spective projection, a problem that also hampered the semi-perspective dis-
play concept (Chapter 3). Although that concept employed constant-velocity
cutting planes to reduce the complexity of the constraint visualization, it did
not reproduce the intuitive visual relation with the spatial representation of
the conflict, which is still present in the co-planar display concept.

In summary, although for the ‘perfect’ shared representation, one might
argue that the interface should present an unambiguous view on the rele-
vant constraints within the work domain, the fact that, in the case of the
separation problem, part of the complexity of the work domain is due to the
multi-dimensionality of the constraints, makes this difficult, if not impossi-
ble to achieve. This sets many real-world interface design challenges apart
from simplified EID examples such as the DURESS micro-world [14, 34].

8-2 Experimentation and evaluation

The second part of this thesis presented two human subject evaluations of
the separation assistance display concepts (Chapter 5 and Chapter 6), and
the results from a fast-time simulation (Chapter 7). Each of the experiments
investigated the effect of using constraint displays in terms of safety, ef-
ficiency, and situation awareness. This section will discuss several of the
configuration issues for these kinds of experiments, and pervasive types of
behavior for these displays.
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8-2-1 Evaluating automation transparency

The displays in this thesis are designed to help a pilot understand the reason-
ing behind automated decisions, by showing constraints and relationships
within the work domain. This focus on automation transparency, however,
does not reflect in the configuration of the evaluation experiments described
in this thesis. Rather, the focus of the experiments was on how the displayed
information affects the pilots” situation awareness, regardless of specific im-
plementation of automated conflict resolution. In anticipated situations, as
long as automation is functioning properly, the outcome of an evaluation
with explicit resolution automation would be trivial, as subjects would not
be encouraged to participate in the assessment of conflict situations. An
experiment with explicit resolution automation is therefore of limited value
for the evaluation of a separation assistance display. It are the unanticipated
situations where well-informed pilots, supported by good interfaces, prove
their worth, but these are by definition impossible to evaluate. As an alter-
native, therefore, the interface concepts were evaluated as if automated res-
olution had already failed, and the pilots” resolution decisions were used to
give insight in how the information on the display is used by pilots, and how
it affects their situation awareness. This way, the pilots” ability to compre-
hend automated resolutions is evaluated by observing how well they make
decisions themselves, based on the information available on the displays.

8-2-2 Evaluating an expert tool

In contrast to what many people seem to expect with the term ‘ecological’,
EID displays are not necessarily intended to be natural, or easy to use. On
the contrary, EID is aimed at complex domains, and ecological displays are
designed as expert tools [24, 35, 36]. A complicating factor for the domain
under analysis in this thesis, that of airborne separation, is that it represents
a situation that is not currently implemented. In commercial aviation (the
source of experienced test subjects), the task of separation is performed cen-
trally (by Air-Traffic Control), not by the pilot*. An experiment that elicits
expert behavior and expert opinion for the task of airborne separation will
therefore be difficult to achieve.

*It should be noted that in uncontrolled airspace, separation is performed decentrally by
General Aviation (GA) pilots, under visual flight rules. Because the domain under evaluation
is that of unmanaged airspace, however, GA pilots were not considered as test subjects.
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Situation awareness

An effect of this can, for instance, be seen in Chapter 5, where results from
the evaluation of the co-planar separation display show that SA scores drop
markedly with higher SA levels (i.e., Endsley’s levels of perception, compre-
hension, and projection [37].), regardless of the type of visualization. Proper
training is therefore an important issue for these concepts and their evalu-
ation. The fact that many subjects assigned the highest usefulness ratings
to the more classical TCAS symbols that were used in the experiment, can
therefore also indicate that they do not fully understand what information is
required to perform the new task of conflict resolution, and what this means
for the requirements on the visualization of this information.

In terms of conflict resolution performance in normal situations, how-
ever, both experiments show that, regardless of training, pilots are able to
use the visualizations to find efficient resolutions. Because these kinds of dis-
plays make several complex relationships directly perceivable, they relieve
pilots from cognitive work. This transforms tasks that ordinarily require SA
at the projection level to simple tasks of perception and observation, allow-
ing pilots to perform well, despite insufficient training.

The measurement of situation awareness is also a factor of complexity in
these kinds of experiments, as even the definition of SA is a subject of debate
[38]. Explicit SA measures, for instance, either have to rely on the subjects’
memory for a reliable measurement (i.e., with retrospective measurements),
or they run the risk of directing the subjects” attention, when SA queries are
probed on-line [38, 39]. Flach also warns that relating operator performance
to their situation awareness (implicit SA measurements) can be sensitive to
circular reasoning: “How does one know that SA was lost? Because the operator
responded inappropriately. Why did the operator respond inappropriately? Because
SA was lost.” [40]. In other words, a bad decision made by a pilot might
have been due to a wrong interpretation of the problem (i.e., a loss of SA),
or it could have been that the pilot made a bad decision, despite having an
accurate picture of the situation (i.e., a decision error) [41].

An alternative explicit method was therefore introduced for the exper-
iment in Chapter 5. To mitigate the downsides of existing methods, par-
ticipants in the experiment each performed two sub-experiments, that sep-
arated the explicit from the implicit SA measurements. In the first (main)
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experiment, subjects were asked to actively resolve conflict situations in a
real-time simulated environment. The performance measures from this ex-
periment were used as implicit indicators of level of SA. In an additional
passive experiment, subjects were presented with static conflict situations,
that were accompanied with a set of time-limited, multiple-choice SA ques-
tions, centered around Endsley’s levels of SA [37]. These measures were
used to compare the display variants in terms of how they influence situa-
tion awareness.

By separating the explicit SA assessment from the active experiment, be-
havior in the main experiment no longer runs the risk of being directed by
particular SA queries, and at the same time, the explicit measurements are
not hampered by the drawbacks of retrospective SA assessments. No mat-
ter how good the SA measurement method, however, attempts to measure
the relevant components of situation awareness will always depend on the
context in which the measurements are made [42, 43]. Predicting how a new
interface would influence situation awareness in real-world situations, from
measurements in a synthetic experimental environment, will therefore not
always produce accurate results, even when subjects in the experiment are
domain experts, and have been properly trained.

Safety

A persistent result found in the experiments presented in this thesis, but also
in other experiments with a constraint-based display, is that after reaching a
conflict-free state, the majority of the subjects returned to their original track
in several small steps, following the edge of the constraint area as closely as
possible [44]. This behavior can be attributed to showing precise constraints:
when maneuver limits are visualized with high precision, human operators
will use that precision to maximize their efficiency. This hunting’ behavior,
however, in some instances also led to small judgment errors, which in the
current context can lead to losses of separation. Although such incursions
are mostly minor (see Section 5-7), this is still an undesired side effect of
showing precise constraints.

According to Rasmussen’s model of ‘Migration to Accidents’, require-
ments for efficiency, and a tendency towards the least amount of effort, cause
operators to seek the limits of system performance. The relative salience of
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these limits on ecological displays thus provides an extra invitation for this
hunting behavior [45]. Borst and Flach argue that the balance between miti-
gating this behavior, and maintaining flexibility, requires a balance between
physical (holonomic) and intentional (non-holonomic) constraints and their
representations in ecological information aids [46, 47]. Note, though, that
the separation assistance displays in their current form already present a
mixture of physical and intentional constraints (for example, although sep-
aration minima relate to aspects such as the turbulence wake of an aircraft,
the values that are used for separation are generalized, and do not nec-
essarily represent the physical margins). A possible modification to these
displays could therefore be to differentiate explicitly between the physical
and the intentional part of each constraint [48].

Coordination

If conflicts are to be resolved in a decentralized fashion, coordination be-
tween the actors in each conflict will be required to guarantee safe separa-
tion. This means that for automated, as well as for manual conflict resolu-
tion, predictability of decisions will be essential to guarantee an acceptable
level of safety. The experiment in Chapter 6 and the fast-time simulations in
Chapter 7 were designed to observe how implicit coordination between ac-
tors is influenced by factors such as the definition of the coordination rules,
the geometry of a conflict, and the variability from sources such as pilot
preferences and uncertainties within the system.

A systematic evaluation of these factors is difficult, as the problem of
coordination is complex, both in terms of dimensionality and in terms of
interdependence [49]. The problem is multi-dimensional in the traditional
sense (i.e., separation is a four-dimensional problem), but also in terms of
solution space complexity, when multiple (> 2) actors are involved in a con-
flict. Furthermore, the interdependence of constraints is reciprocal, i.e., the
constraints for several actors, or even the various constraints for one actor
change, depending on how one actor decides to resolve a conflict. The ex-
periment in Chapter 6 showed that due to this variability, a large number of
subjects (£100) are required to obtain statistically significant results. On the
other hand, results from fast-time simulations of a behavioral model depend
largely on the accuracy of the pilot decision model. The large variability of
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the interactions between pilots can result in emerging behavior that is hard
to predict. This makes that many aspects of the model remain a best guess.

Nevertheless, the experiment and fast-time simulation studies produced
two important findings. First, in the simulation study it was shown that
for any coordination rule that does not consider specific aircraft capabilities,
there exist situations where cooperative maneuvering will not be possible. In
these cases, the only available cooperative maneuver for the slower aircraft
in a conflict would be not to maneuver at all. This has important repercus-
sions for the safety of the system: The system would be safest if all aircraft
in a conflict are individually able to resolve the conflict, each in a way that
would be cooperative with the possible maneuvers of the other aircraft in
the conflict. This way, the safe course of an aircraft that has right of way
does not depend on the actions of another aircraft.

A second observation related to the comparison between the optimal co-
ordination rule, and the rules of the air. In some situations, the rules of the
air result in maneuvers that require large speed increases, which increases
the chance that a resolution is obscured by a speed limit. The optimal rules,
on the other hand, are ambiguous in terms of coordination around the bi-
sector of the velocity constraints. The range of conflict situations that can
result in uncoordinated resolutions increases with asymmetric data uncer-
tainty such as an ADS-B broadcast delay, but also when a heading-solution
based method to account for maneuver dynamics (see e.g., [50]) is used to
correct the shape of the velocity constraints. Together, these findings stress
the importance of coordination, both from a human factors perspective, and
for the design of conflict resolution automation.

8-3 Limitations and recommendations

The research in this thesis has been limited to self-separation in unmanaged
airspace, under idealized conditions. This means that interactions with other
limiting factors within the work domain, such as weather and terrain, have
been left out of the equation. In the current plans for the future air space
system, self-separation is intended to be performed only in the cruise phase.
It can therefore be justified that terrain is not taken into account. Weather,
however, can be a significant factor in airborne separation: bad weather cells
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can restrict large parts of the available airspace, and the presence of wind
can skew the internal aircraft maneuver limits. Adding to the complexity is
the fact that weather is not always a rigid constraint, as bad weather cells
do not always completely inhibit aircraft from moving through the area [41].
For future design iterations it should therefore be considered to include
additional types of constraints, to increase the real-world applicability of
the display.

Even though the future trajectories of the own aircraft, as well as those
of other aircraft, can significantly influence maneuver constraints, the con-
cepts in this study present only state-based short term constraints. The
applicability of this method will depend on the situations in which the sepa-
ration display will be used, and how the final concepts for four-dimensional
trajectory planning will be implemented. For instance in situations where
the aircraft trajectory is managed by manipulating trajectory points, pilots
might benefit more from a constraint visualization that relates directly to
such modifications [51, 52].

The traffic scenarios in the experiments are also not always representa-
tive of real-world situations. Conflicts are on a shorter timescale, and relative
orientations are designed to provide measurable results, and sometimes also
to elicit specific behavior. The experiment in Chapter 6, for instance, evalu-
ates coordination between aircraft when manually resolving conflicts, even
though conflict resolution in unmanaged airspace will most likely be highly
automated. The importance of implicit coordination, however, also applies
to conflict resolution automation, to be able to guarantee a sufficient level of
safety. Also, since the aircrew will always be ultimately responsible for the
safety of a maneuver, there will be limits on the complexity of automated
resolution logic.

In both experiments presented in this thesis, visualizations on the dis-
plays are created using perfect data. In real-life situations, however, the data
used in displays is uncertain, for instance due to sensor noise. On the one
hand, Vicente argues that because constraints are so easy to perceive, op-
erators might confuse the displayed state of the work domain with its true
state [23, 53]. Borst and Flach, on the other hand, argue that, provided that
the mapping of the work domain on the interface is sufficiently complete,
the visualizations of the relationships between measured data makes errors
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in one of these parameters more salient, not less so [46]. In the context of
airborne separation displays, the salience of such display uncertainties will
sometimes depend on the magnitude of the error (for instance, an intruder
aircraft flying well below the minimum velocity will be easier to detect than
the same aircraft with a measured velocity that is just a few knots off), and
will be more salient when the data can be related to another reference (such
as a constraint). This becomes more difficult for data that have no confining
context (such as position errors and the communication delays in Chapter 7).
Future experiments are therefore recommended that can evaluate the sepa-
ration assistance display in off-normal situations, i.e., situations where the
accuracy of data cannot be guaranteed, as well as other system malfunctions
or emergency situations.

8-4 Conclusions

Since 2005, a plan for the future of the European Airspace System has been
laid out, to overcome current and future capacity problems. Long-term
plans propose delegation of separation responsibility from the controller to
the aircrew, as a way to reduce controller workload and increase airspace
capacity. These plans acknowledge the importance of human-centered au-
tomation and transparency through visualization, and state that a display
of traffic information should be present in the cockpit. Most existing con-
cepts, however, do not go beyond showing elementary traffic information, in
combination with explicit automation commands. The concepts and experi-
ments in this thesis show that it is possible to improve upon these displays
by showing how the own aircraft maneuverability is affected by proximate
traffic and performance limits, and how the various resulting elements on
the display relate to each other. The aim of this method is to create a shared
representation, between human operators and automation, that facilitates
proper interaction between automated and human actors.

Because displays confine visualization possibilities to a two-dimensional
form, concessions with respect to revealing the three-dimensional structure
of the separation problem are inescapable. From the analysis in this thesis
it was concluded that a co-planar representation is preferred over a perspec-
tive display, as it presents an undistorted view on the traffic situation and
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resulting constraints, and because it retains an intuitive view on the many re-
lationships between constraints and elements within the work domain. The
co-planar display was also considered preferable because it conforms more
to existing tasks and interfaces on the flight-deck.

Results from evaluations of the concepts showed that, despite the lack of
experience with the task of self-separation and with the novel display, pilots
performed well, and were able to use the visualizations to apply their own
preferences and rules to the resolution of traffic conflicts. It was, however,
also found that the visualization of precise constraints sometimes leads pi-
lots to migrate towards working at the limits of that system, in an effort
to increase performance. This behavior sometimes gives rise to judgment
errors, which can lead to minor losses of separation. Both manned and sim-
ulation experiments also showed that coordination of maneuvers between
aircraft should play an important role in the design of interface and automa-
tion, especially when data cannot be considered perfect.
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APPENDIX

Horizontal and vertical projected constraints

A-1 Defining a conflict

Figure A.1 illustrates a generic traffic situation with ownship and one in-
truder. Here, ownship and intruder will be in conflict when the ownship
relative velocity vector (V,,; = Vouwn — Vint), is pointed towards the intruder
protected zone, i.e., if the ownship relative track crosses the intruder pro-
tected zone.

o I ___________ intruder
ownship ) —/’VM """"" —
PZOZUV[

Figure A.1: Example conflict situation.
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In the experiments in Chapter 5 and Chapter 6, horizontal conflicts are
defined using parameters conflict angle (CA), distance at closest point of ap-
proach (dcpa), time to (horizontal) loss of separation (t}ys o), the ownship track
angle (X,wn), and the ground speed of both aircraft (Vs own, VGs,int), see
Figure A.2.

intruder

dcea .
Vown o

ownship

Figure A.2: Parameters used to define a horizontal conflicting traffic situation.

From these parameters, first the velocity vectors for ownship and in-
truder are calculated:

COS
Vown = VGS,own : <Sil’1 ;) ’

S o cos (Xown — CA)
th - VGS,mt <Sin(Xown_CA) .

The relative velocity vector (V,.; = Vown — Vint), is then used in combination
with the time to horizontal loss of separation to calculate the length of the
relative distance vector:

_ / R2 2
drel - tlos,hor : |Vrel’ + RPZ - dCPA/

with Rpz the radius of the intruder protected zone. Using the property that
d, dcpa, and d,, form a right triangle, the relative distance vector of the
intruder position relative to the ownship is determined as:

Xyol = |: drel dCPA:| . Vrel
e _dCPA drel |Vrel ’

For vertically oriented conflicts, the vertical speed of both aircraft (VS,uwn,
VSint), and either the vertical distance between ownship and intruder (Ah),
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or the time to vertical loss of separation times the difference in vertical speed
(t10s,0er - (VSown — VSint) = hpz), should be added as vertical components of
Equation (A.1), and Equation (A.3), respectively.

xown d/

Figure A.3: Relevant parameters for horizontal traffic constraints.

A-2 Derivation of the horizontal forbidden area

The unit vectors for the direction of the lines that span the horizontal for-
bidden area can be determined from Figure A.3. The lines are tangent to
the intruder protected zone, therefore, they are simply the projections of dis-
tance vector d = d - ng = Xj;y — Xown onto the line through x,,n, tangent to
the intruder protected zone:

d=d-n; n

Here, d’ is the projected d, which equals d’ = /d? — R%,. The unit vectors
n; and ny can be determined by rotating n; using rotation matrix R, which

is defined as:
- (8) A
R = .
Rpz 1 Rpz 2
T d T4
Using R, the tangent vectors can be calculated:

n;y = Rny,

nyp = RTnd.
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Vspd,Z
Vopt,Z
A
A%
sol,1 Vsol,2
-
Vopt,l
Vspd,l
Vown

Figure A.4: Heading maneuver solutions Figure A.5: Speed solutions and geomet-
in a traffic conflict. rically optimal solutions.

A-3 Horizontal resolution maneuvers

When conflicts and conflict-free states are observed for a certain fixed own-
ship velocity magnitude |V, |, transitions between conflicting and conflict-
free headings are marked by the intersections of the legs of the forbidden
area and the circular set of vectors for ownship velocity at constant magni-
tude |V,uwn|, see Figure A.4. Each line-circle intersection equation can have
either zero, one, or two solutions. Together, these can result in, respectively,
zero, one, or two heading ranges that generate a conflict.

These intersections can be determined by substituting the general line
equation into the general circle equation: The general equation for a line:

X=Xg+1{-n.
The general equation for a circle or a sphere:
I —cf|* =7~

Substituted gives:
%o +t-n—c||* =72
Or, expanded and rearranged:

t2'(n2)+t'(2'n'(XO_C))+(X02+C2—2-x0-c_72):0.
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Because n is a unit vector, this simplifies to:
P4+t-(2:n-(xg—¢))+ (x> +c*—2-%x9-c—1?) =0,

Solving for t:

t

= —(n-(xo—¢))
+ \/(n-(xo—c))Z—(x02+c2—2-x0-c—rz).

The discriminant, A = (n - (xo — ¢))* — (xo? + ¢ —2-xg - ¢ — 1?), determines
the amount of solutions.

1. A < 0: There are no real roots, and therefore no intersections between
the circle and the line.

2. A = 0: There is exactly one root: in this case the line is tangent to the
circle.

3. A > 0: There are two roots, the line intersects the circle twice.

For the heading solutions from Figure A.4, the following substitutions can
be made: r = ||Vouu|l, ¢ = (0,0), xo0 = Vs, n = ny, and t = ||V,||. Then:

HVVEIH - = (nt : Vint) + \/(nt : Vint)z - V2 + HVownHZ-

int

The corresponding relative and ownship velocity vectors can now be deter-
mined:

Vi = HVrelH s 1y,
Vown - Vrel + Vint-

Figure A.5 shows horizontal solutions where only speed is varied, and
geometrically optimal solutions that result in the minimum path deviations.
The geometrically optimal solutions can be calculated using the dot product
between the relative velocity vector and the respective forbidden area leg;:

Vrel,sol = (Vrel : nt) s Ny,
Vown,sol = Vint + Vrel,sol-
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Speed solutions can be calculated using the following equation:
(Vint + Vrel,sol ' nt) X Vown - Vown,sol X Vown-

Because V501 and Vy,, are parallel, the cross product between these vec-
tors is equal to zero. This reduces Equation (A.19) to:

(Vint + Vrel,sol : nt) X Vown - O/
v _Vint X Vown
rel,sol Y _~r -

n; X Vown

The corresponding ownship solution vector can now be calculated:

Vown,sol - Vrel,sol ‘N + Vint-

2.4 .th X3
« Xint

X# = > Xu

ny Rpz

%ﬂ 2

Xown

Figure A.6: Relevant parameters for vertical traffic constraints.

A-4 Derivation of the vertical forbidden area

Figure A.6 shows relevant parameters for the vertical forbidden area. These
constraints should apply to ownship’s vertical maneuvering for the current
ownship heading, which means that the vertical forbidden area corresponds
with a vertical projection of the three-dimensional forbidden area. When
viewed from the side, the intruder protected zone is rectangular, with a
width of two times the horizontal separation minimum, and a height of
two times the vertical separation minimum. Relative to ownship, the four
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corners of this projection are located as follows:
R 0
Xt = Xint — Xown = ( 5Z> + <h> ’
ng = Xt/ ’Xt| .

From these four vectors, the two vectors are selected that have the widest
angle between them.
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Constant-speed constraints

The concept in Chapter 3 presents two types of constraint areas combined in
a single integrated display. One constraint area presents traffic constraints
on ownship maneuvering for constant ownship velocity, the other area rep-
resents constraints on intruder relative velocity for constant relative veloc-
ity magnitude. Both these constraint areas are derived using the intersec-
tion between the three-dimensional forbidden area and a sphere of constant
velocity. This appendix will derive an analytical expression for the three-

dimensional forbidden area, and will derive the cone-sphere intersection
equations.

Zp

Xp

Figure B.1: A three-dimensional slanted cone. Any point along this cone can be de-

scribed by an angular coordinate along the circular cross-section of the cone, 0, and a
vertical coordinate, z.
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B-1 Parametric description of three-dimensional
traffic constraints

The three-dimensional forbidden area can be seen as a construct of two
slanted cones, connected by straight sections. Both cones have their apex
at the ownship position, and their curvature is aligned with the upper and
lower circles of the intruder protected zone. Equation (B.1) gives an analyti-
cal expression for a point xg4 (6,z) on a slanted cone, see also Figure B.1:

(dx + Rpz cos 9) (dZ + hpz)_l
XFA (9’ Z) = Viut+z: (dy + Rpz sin@) (dZ + hpz)il
1

Vint +z-R¢ (9) .

Here, (dx; dy; dz) = x, is the relative distance vector between ownship
and the intruder, hipz is the height of the intruder protected zone, and z and
0 are the two free equation parameters, representing the vertical coordinate
along the cone, and the angular coordinate along a protected zone circle,
respectively.

B-2 Constant-ownspeed constraints

A sphere with the current ownship velocity as its radius can be described as
follows:
X2 =V2,.

Substituting Equation (B.1) into Equation (B.2) gives:

(Vint +z- Rc)2 = Vozwnl
R?- 2242V -R.- 24+ V2, — V2~ = 0.

Solving for z yields:

_Vint : RC + \/(Vint : RC)Z - R% (V2 Vozwn)

y — int
- 2
R?
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Using this equation, values for z can be obtained as a function of the other
free parameter, 0. The Cartesian coordinates for each point on the intersec-
tion can be found by substituting the values for z and 6 into Equation (B.1).

B-3 Constant relative speed constraints

The relative speed constraints are derived in a similar manner, but with
a different equation for the three-dimensional forbidden area (the forbid-
den area for the relative speed constraints isn’t translated over the intruder
speed, and is observed from the intruder side), and a different radius for the
speed sphere equation. The relative speed forbidden area can be defined as
follows:

(—dx + Rpz cos 9) (—dZ + hpz)il
XFA,rel (9/ Z) = Zz- (—dy+ Rpz sin 9) (—dZ + ]/lpz)il
1

= z- Rc,rel-

Substituting this equation into Equation (B.2), where V2, is replaced by V2,
gives:
22 RZ,, =V2

c,rel — Vrel

2
7 = Vrel
RZ
c,rel

Again, the Cartesian coordinates for each point on the intersection can be
found by substituting the values for z and 0 into Equation (B.6).

Solving for z yields:
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Horizontal and vertical reduced constraints

The co-planar concept presented in Chapter 4 uses cutting planes to deter-
mine more precise traffic constraints for horizontal and vertical conflict reso-
lution. Constraints derived using these cutting-plane methods are still valid
when a conflict cannot be purely defined in the horizontal plane (Ah = 0,
VSown = 0, VSius = 0), or the vertical plane (Ax = 0, Ay = 0). The initial con-
cept for this co-planar display uses a conical (constant climb angle) cutting
plane to derive the horizontal reduced constraints, the final concept substi-
tutes this with a horizontal, flat cutting plane (constant vertical speed). Main
reasons are that the resulting shapes are more consistent and intuitive, and
that constant vertical speed maneuvers are more common. This appendix
will, however, present both methods, as well as the vertical cutting plane
method.

C-1 Horizontal reduced constraints using a conical
cutting plane

Equation (C.1) gives an analytical description of a straight cone, with its
apex at (0,0), which can be used to represent the constant flight-path angle
speed-heading zone, see Figure C.1:

(x-e3)? = x*-sin® 1.
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cutting plane

Figure C.1: The horizontal reduced constraint area in one of the initial concepts was
given by the intersection of the three-dimensional constraint area, and a conical cutting
plane.

Here, e3 is the vertical unit vector e3 = (0, 0, 1). Substituting Equation (B.1)
into Equation (C.1) gives:

((Vint +2Rc) - e3)2 = (Vipe + ZRc)2 sin’ Y,
(Vint €3 +2)° = (Vi +2R.)*sin .

Or, rewritten as a quadratic equation for z:

0 = (1—sin?yR?) 2> +2Vy - (e3 —sin’yR.)z
+ ((Vint : e3) - Sinz 'leznt) :

Solving for z yields:

. —b+Vb?—ac

a

where 2 = 1 —sin?yR%, b = V- (e3 —sin’yR.), and ¢ = (Vi - e3) —
sin? yV? . Using this equation, values for z can be obtained as a function
of the other free parameter, 0 (See Figure B.1 and Equation (B.1) for an
illustration of z and ). Although the quadratic equation can have two solu-

tions, only one of them will be valid at a time. The corresponding conjugate
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value represents the same point on a mirrored cone, that is in the opposite
direction of the intruder. The Cartesian coordinates for each point on the
intersection can be found by substituting the values for z and 6 into Equa-
tion (B.1).

cutting plane

Figure C.2: The horizontal reduced constraint area is given by the intersection of the
three-dimensional constraint area, and a horizontal cutting plane, offset vertically by
the ownship vertical speed. The horizontal reduced area illustrates exact constraints on
horizontal maneuvering, also for conflicts with non-zero relative vertical distances and
velocities.

C-2 Horizontal reduced constraints using a flat cutting
plane

An analytical description for the reduced constraints using a flat horizon-
tal cutting plane, as shown in Figure C.2, are derived in a similar manner.
Equation (C.6) gives an analytical description of a horizontal, flat cutting
plane:
€3 - (X — Vown) =0.
Substituting Equation (B.1) into Equation (C.6) gives:
€3 (Vigt + 2R — Voun) = 0.

Solving for z yields:
Z=e3- (Vown - Vint) .

Again, the Cartesian coordinates for each point on the intersection can be
found by substituting the values for z and 6 into Equation (B.1).
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cutting plane

Figure C.3: The vertical reduced constraint area is given by the intersection of the
three-dimensional constraint area, and a vertical cutting plane, aligned with the ownship
track. The vertical reduced area illustrates exact constraints on vertical maneuvering, also
for conflicts with non-zero cross-track distances and velocities.

C-3 Vertical reduced constraints using a flat cutting
plane

Equation (C.9) gives an analytical description of a vertical, flat cutting plane
(illustrated in Figure C.3), that is aligned with the ownship track:

nVown "X = 0'

Here, ny,,, is the normal vector of the ownship velocity vector, V. Sub-
stituting Equation (B.1) into Equation (C.9) gives:

ny,. - (Vint +z- Rc) =0.

Solving for z yields:
_ ny,,, - Vint
nVOZUVI : RC .
Again, values for z can be obtained as a function of the other free parameter,
6. The Cartesian coordinates for each point on the intersection can be found

by substituting the values for z and 6 into Equation (B.1).
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Discrete event maneuver equations

This appendix describes the maneuver equations that are used in the discrete
event simulations in Chapter 7. Analytical expressions are derived for a
point-mass model for the following situations: unaccelerated straight flight,
accelerated straight flight, turns, and accelerated turns. All of the derived
equations assume an absence of wind. In the simulations, these equations
are used in combination to calculate complete horizontal aircraft trajectories
at discrete points in time.

D-1 Straight flight
The most basic situation is one where the aircraft is flying straight, at a

constant velocity. The change in position as a function of time then only
depends on the current velocity and the aircraft heading:

x (£) = x (to) + Vias - At - (COS ¢> .

siny

When there is a change in velocity, an acceleration term is added:

x (t) = x (to) + (Vms + %aAt) LAt (COS ‘P> .

siny
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Vown

Figure D.1: Relevant parameters for an unaccelerated turn maneuver.

D-2 Unaccelerated turns

In an unaccelerated turn, the aircraft position depends not only on velocity,

but also on the turn radius (p) and the turn rate (¢), which, in turn, both
depend on bank angle and airspeed [1]:

0 = V%AS
gtan¢’
. gtang
v Vras

Figure D.1 shows how the aircraft position at time ¢ can be constructed using
the following equation:

x (t) = x(to) +p- (1 — Rap) - nv,,,-
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Here, ny,,, is the initial track normal, and Ry a rotation matrix correspond-
ing to the change in heading;:

R cos (PpAt)  —sin (PAt)
AP sin (AL cos (PAt)

D-3 Accelerated turns

In an accelerated turn, turn radius and turn rate are no longer constant, but
change with the changing velocity [1]:

(Vo +at)?
gtang '

gtan¢g

Vo +at’

p(t) =

¥

The heading change as a function of time can be derived by integrating
Equation (D.8):

1
dt
Vo + at

t

sp(t) = gtang [
= 8Oy (v 4 ar) |

a 0
gtan(pln<Vo—|—at>.

a Vo

Rearranging Equation (D.7) and substituting it in Equation (D.9) gives the
turn radius as a function of Ay:

V2  2aap

= "~ _egtng,
gtan¢

o (D)
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The aircraft position as a function of Ay is then defined as:

Ay
x(0p) = x(0)+ [ o(p) gy

= )+ [ A¢p<¢> (L9 ay

14 Ay 2ap siny
— . gtang
X (to) + ctang Jo es <_ cos 1IJ> d¢

Integration by parts gives:

x(Ayp) = x(b)

) A
Vigtan¢ 2 [cosy — éfl Fsiny v
4a? + g2 tan? s1n¢+gtan¢cos¢
= x(b)
Vigt 200 1
Og—arwﬂ. I_egtamp.RAlp . 2 .
4a? + g2 tan® ¢ Thand

When the aircraft heading at t = t; is not equal to zero, Ax (Ay) needs to be
rotated over the initial heading;:

- Vigtan¢
x(Ap) = XU g A

200y 1
REL’O. <I_egtan47 RA1P> . 2 .
gtan¢
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1-D
2-D
3-D
4-D

ADS-B
AH
ANOVA
ANSP
APERO

ASAS
ATC
ATCo
ATM

BADA
CD&R
CDTI
CPA
CSD
ECAM
EFB

Abbreviations

One-dimensional

Two-dimensional

Three-dimensional

Four-dimensional

Augmented

Automatic Dependent Surveillance — Broadcast
Abstraction Hierarchy

Analysis of Variance

Air Navigation Service Provider
Avionics Prototyping Environment for Research and
Operations

Airborne Separation Assistance System
Air-Traffic Control

Air Traffic Controller

Air-Traffic Management

Baseline

Base of Aircraft Data

Conflict Detection and Resolution
Cockpit Display of Traffic Information
Closest Point of Approach

Cockpit Situation Display

Electronic Centralized Aircraft Monitor
Electronic Flight Bag



278 Abbreviations
EFIS Electronic Flight Instrument System
EID Ecological Interface Design
EMD Expected Miss-Distance
FA Forbidden Area
FAA Federal Aviation Administration
FCU Flight Control Unit
FL Flight Level
FMS Flight-Management System
FPA Flight-Path Angle
FPV Flight-Path Vector
GA General Aviation
HDG Heading
HIPS Highly Interactive Problem Solver
HSD Horizontal Situation Display
IAS Indicated Airspeed
LoS Line of Sight
LoS Loss of Separation
MCDU Multifunction Control and Display Unit
MCL Maximum Climb Thrust
McCp Mode Control Panel
MCT Maximum Continuous Thrust
MTO Maximum Takeoff Thrust
MVP Modified Voltage Potential
NASA National Aeronautics and Space Administration
ND Navigation Display
NextGen  Next Generation Air Transportation System
NLR National Aerospace Laboratory
P-ASAS Predictive Airborne Separation Assurance System
PFD Primary Flight Display
PZ Protected Zone
RAT Route Analysis Tool
RFA Reduced Forbidden Area
SA Situation Awareness
SESAR Single European Sky ATM Research
SESAR-JU Single European Sky ATM Research Joint Undertaking
SPD Speed
SRK Skills, Rules, and Knowledge
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SVD Synthetic Vision Display

SVE State-Vector Envelope

TAS True Airspeed

TBO Trajectory-Based Operations

TCAS II Traffic Collision Avoidance System II
TCP Trajectory Change Point

VIS Vertical Speed

VSD Vertical Situation Display






AC,
Cp

0

proj

PZ!

nt

PZint

Symbols

Aircraft n

Drag-coefficient at zero lift

Drag

Constraint area projection distance
Lift-dependent drag coefficient
Projected intruder protected zone
Intruder protected zone

Ownship protected zone
Rotation matrix

Protected zone radius

Wing surface

Projected flight-path vector constraint area
Flight-path vector constraint area
Thrust

Maximum thrust

Minimum thrust

Velocity

True airspeed

Maximum velocity

Minimum velocity

Wilcoxon rank sum test statistic
Weight

Altitude offset



282 Symbols
a Acceleration
d Distance
da’ Projected distance
dcpa Distance at closest point of approach
g Gravitational acceleration
hpz Protected zone height
int Intruder aircraft
int/ Virtual intruder aircraft
own Own aircraft
p Probability that the zero hypothesis is true
t Time
te Time to collision
tcpa Time until closest point of approach
tpy Time until loss of separation
trep Time until trajectory change point
teur Current time
trurn Turn duration
x Horizontal screen coordinate
y Vertical screen coordinate
z Wilcoxon signed rank test statistic
VEa Three-dimensional forbidden area
Ax Track angle offset
Ax Relative track
Ay Relative heading
Ay Heading maneuver offset
0% Flight-path angle
YE Total energy angle
6 Vertical visual range
U Mean
0SsL Air density at sea level
o Density difference dependent on altitude
¢ Bank angle
¢ Horizontal visual range
X2 Chi-squared statistic

LIRS IR

Track angle
Turn rate
Slanted cone direction coefficient vector
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Vr1as
€3

ng

Ny
NV
Vint,post
Vint,pre
Vint
Vopt
Vown

/
rel int

Vrel,int
Vel
Vol
\E pd

True airspeed vector

Vertical unit vector

Normalized distance vector
Normalized forbidden area leg vector
Own velocity vector normal
Post-TCP intruder velocity vector
Pre-TCP intruder velocity vector
Intruder velocity vector

Optimal solution velocity vector
Ownship velocity vector

Projected relative intruder velocity vector
Relative intruder velocity vector
Relative velocity vector

Solution velocity vector

Speed solution velocity vector
Intruder position vector

Ownship position vector

Relative position vector






Samenvatting

Vliegtuig Conflictoplossing in Drie Dimensies

Joost Ellerbroek

De opkomst van automatisering in de luchtvaart is van grote invloed
geweest op zowel de aard van de taken in de cockpit, als op de eisen die
worden gesteld aan de bemanning. Alhoewel deze invoering van automa-
tisering een onmiskenbare verbetering heeft teweeggebracht op het gebied
van efficiéntie en veiligheid, heeft deze ook geresulteerd in een toename
van complexiteit op het vliegdek. Buiten de elementaire vliegvaardigheden
moeten piloten nu ook in staat zijn om het functioneren van hun geautoma-
tiseerde systemen te controleren. Dit vereist een weloverwogen afstemming
van taken tussen mens en de automatisering, alsmede dat geautomatiseerde
systemen hun functioneren op een transparante wijze communiceren naar
de mens. In de huidige situatie kunnen deze aspecten echter niet altijd wor-
den gegarandeerd.

Het werk in dit proefschrift richt zich op het concept van gedecentra-
liseerde separatie tussen vliegtuigen, uitgevoerd vanaf het vliegdek. Deze
vorm van separatie maakt deel uit van zowel Europese als Amerikaanse
plannen voor de toekomst van de structuur van het luchtruim. Een derge-
lijk systeem kan op twee manieren worden geimplementeerd: ofwel wordt



286 Samenvatting

de verantwoordelijkheid voor de separatie tussen vliegtuigen gedeeltelijk ge-
delegeerd naar de vliegtuigbemanning, ofwel krijgt de bemanning volledige
autonomie in het behouden van veilige separatie ten opzichte van alle nabije
vliegtuigen. Een dergelijk systeem zou de werklast voor de luchtverkeersre-
gelaar moeten verminderen, met als gevolg de mogelijkheid tot vergroting
van de capaciteit van het luchtruim. Deze plannen zullen aanzienlijke gevol-
gen hebben voor de mate van automatisering, zowel op de grond als op het
vliegdek.

Om de bemanning te ondersteunen met de separatietaak stellen de hui-
dige plannen nieuwe automatisering voor, welke zowel in conflictdetectie
als in expliciete adviezen voor conflictoplossing voorziet. De taken van de
bemanning zullen daarbij in principe bestaan uit het controleren van de
werking van de automatisering en het selecteren en toepassen van de reso-
luties die worden aangeboden door de automatisering. De bemanning zal
echter te allen tijde eindverantwoordelijkheid dragen voor veilige separatie
met andere vliegtuigen en voor het correct functioneren van de automatise-
ring. Het behouden van een centrale rol voor de mens speelt daarom een
prominente rol in alle plannen voor de toekomst van het luchtruim.

Met de hoge mate van automatisering, welke wordt benadrukt in de
vernieuwingsplannen voor het luchtruim, wordt het belangrijker dan ooit
dat automatisering en instrumentatie transparant functioneren en een hoog
niveau van toestandsbewustzijn bevorderen. Alhoewel automatisering de
vliegveiligheid en de werkdruk van de vliegtuighemanning ten goede kan
komen, kan het ook een vermindering teweegbrengen van de betrokkenheid
van de bemanning in het besluitvormingsproces, met een vermindering van
toestandsbewustzijn als gevolg. Ironisch genoeg vormt de invoering van
dergelijke automatisering op deze manier een belemmering voor een piloot
om weloverwogen te oordelen over het functioneren van diezelfde automa-
tisering. Het werk in dit proefschrift is daarom gericht op onderzoek naar
welke informatie nodig zou zijn voor een juiste interactie tussen de beman-
ning en de automatisering. Ook richt het zich op hoe deze informatie moet
worden gepresenteerd, zodanig dat het de transparantie van de automatise-
ring verhoogt en een goed toestandsbewustzijn voor de piloot bevordert.
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Een belangrijk aspect van de problemen met betrekking tot de transpa-
rantie van geautomatiseerde systemen is dat, ongeacht de specifieke uitvoe-
ring van een geautomatiseerd systeem, de complexiteit van het systeem van
gedecentraliseerde separatie als geheel, evenals dat van het automatische
systeem zelf, direct gerelateerd is aan de complexiteit van het werkdomein
waarin het systeem moet functioneren. Inzicht in het werkdomein is dus
noodzakelijk om enige vorm van automatisering te kunnen begrijpen. Voor
separatie geldt dat dit werkdomein kan worden gekenmerkt als een com-
plex, open systeem, onderhevig aan meerdimensionale en vaak nauw ge-
relateerde eigenschappen van verscheidene objecten in het luchtruim. Al
deze objecten bewegen ten opzichte van elkaar, elk met individuele rand-
voorwaarden en doelen.

In dit proefschrift wordt betoogd dat het vastleggen in een functionele
representatie van de informatie die inherent is aan het werkdomein de basis
moet vormen voor automatiseringssystemen voor separatie. Om dit te berei-
ken is een methode toegepast die zich richt op het tonen van beperkingen
en relaties in het werkdomein. Deze methode, geinspireerd op de ecolo-
gische interface ontwerpmethode (Eng. Ecological Interface Design, EID),
kan worden gebruikt om een basis te bieden voor een systeem van trans-
parante interactie tussen mens en automatisering. Deze methode is erop
gericht de structuur van het werkdomein zichtbaar te maken. Ook zou het,
samen met het verschaffen van een basis voor een automatiseringsontwerp,
een interface moeten kunnen opleveren die transparantie van automatise-
ring bewerkstelligt en die de bemanning ondersteunt in het opbouwen en
onderhouden van hun toestandsbewustzijn.

Een grondige analyse van het werkdomein is vooraf gegaan aan de in-
terface ontwerpen in dit proefschrift. Deze analyse identificeerde functio-
naliteiten, beperkingen en relaties tussen de verschillende elementen in het
werkdomein. De Abstractie Hiérarchie (AH) was een belangrijk hulpmiddel
in deze analyse. De hiérarchische structuur en de nadruk op de relaties en
athankelijkheden tussen de elementen op elk niveau en tussen niveaus ma-
ken de AH een waardevol instrument om de structuur van het werkdomein
te bepalen. Als gevolg helpt de AH om te bepalen welke informatie nodig
is voor een passende interactie tussen de piloten en de separatieautomatise-
ring. De overgang van een dergelijke analyse naar een effectief ontwerp voor
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een interface blijft echter een belangrijke uitdaging bij deze methode. Ver-
gelijkbaar met andere interface ontwerpmethodes levert EID geen duidelijk
omschreven recept voor het bepalen van een passende visuele representatie.
Samen met voortschrijdend inzicht van experimenten en onderzoek betekent
dit dat de stap van een werkdomeinanalyse naar een effectief ontwerp geen
instantane transitie is, maar een transitie waar analyse, ontwerp en evaluatie
elkaar volgen in een iteratief proces.

De nieuwe cockpit displays die gepresenteerd zijn in dit proefschrift
moeten daarom ook worden gezien in het licht van de concepten die aan
dit proefschrift vooraf gingen. Al deze voorgangers zijn tweedimensionale
displays, die vlakke projecties presenteren van de driedimensionale bewe-
gingsruimte van het eigen vliegtuig, in combinatie met de meer traditionele
horizontale en verticale situatiedisplays. Deze projecties vertegenwoordigen
vereenvoudigde tweedimensionale versies van de maneuvreringsruimte. De
toegepaste vlakke projectie maakt dat beide displays onvermijdelijk infor-
matie van het driedimensionale probleem verbergen. Het doel van de con-
cepten in dit proefschrift was daarom ook om een representatie te creéren
die de relevante gegevens van het multidimensionale separatieprobleem zo
goed mogelijk weergeeft.

Om te bepalen hoe de complexiteit van dit multidimensionale probleem
het beste gereduceerd kan worden, beschouwt dit proefschrift tevens welke
andere taken worden uitgevoerd in het werkdomein. Dit betekent dat af-
gezien van de separatietaak zelf, ook de implicaties van de interactie met
bestaande taken (bijvoorbeeld routeplanning) werden onderzocht. De twee
resulterende concepten nemen twee fundamenteel verschillende benaderin-
gen van het visualisatie probleem. Het eerste concept presenteert een ego-
centrische (semi-)perspectief weergave, terwijl voor het tweede concept een
tweevlakkige aanpak werd gevolgd. De uiteindelijke vergelijkende analyse
tussen deze twee concepten beargumenteert een voorkeur voor het tweevlak-
kige display, op basis van twee argumenten. Allereerst toonden experimen-
ten beschreven in dit proefschrift, evenals die uitgevoerd in andere studies,
aan dat piloten een sterke voorkeur hebben voor éénassige oplossingsma-
neuvers. Hoewel dit niet betekent dat eendimensionale representaties moe-
ten worden gebruikt, pleit het wel voor een tweevlakkige weergave boven
een weergave met nagebootst perspectief, omdat van deze twee mogelijk-
heden enkel de tweevlakkige weergave een onverstoord overzicht biedt op
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de beperkingen langs elke as. Een tweede argument voor een tweevlakkig
display volgt uit het ontwerp van beide separatiedisplays. Beide weergaves
illustreren dat de representatie van de beperkingen als gevolg van ander
verkeer complex kan worden, terwijl een nauwkeurig oordeel van deze be-
perkingen waardevol is voor het veilig en efficiént oplossen van conflicten.
Tevens tonen de vlakke projecties van de beperkingen een intuitieve relatie
met de absolute geometrie van het conflict, wat het toestandsbewustzijn ten
goede komt.

Ondanks dat bij het ontwerp van de displayconcepten de nadruk lag op
transparantie van automatisering, werd in de experimenten vooral gekeken
naar handmatige conflictoplossing. De redenen hiervoor zijn dat in normale
omstandigheden de evaluatie van een ondersteuningsdisplay voor een auto-
matiseringssysteem triviaal zal zijn, omdat proefpersonen in een dergelijke
configuratie niet worden aangemoedigd om deel te nemen in de beoordeling
van conflictsituaties. Het zijn juist de onverwachte situaties waarin goed ge-
informeerde piloten, ondersteund door goede interfaces, hun toegevoegde
waarde bewijzen. Deze situaties zijn echter per definitie onmogelijk te eva-
lueren. Als alternatief werden de interface concepten geévalueerd in een
nagebootste omstandigheid waar het geautomatiseerde systeem niet juist
meer functioneert. In de analyse van deze experimenten werden de beslis-
singen van de proefpersonen gebruikt om inzicht te verkrijgen in de manier
waarop de informatie op het display wordt gebruikt door piloten en hoe het
display het toestandsbewustzijn van de piloten beinvloedt. Op deze manier
wordt het vermogen van de piloten om geautomatiseerde resoluties te be-
grijpen geévalueerd door te observeren hoe goed ze besluiten zelf maken,
op basis van de beschikbare informatie op de displays.

Uit de resultaten van deze evaluaties blijkt dat, ondanks de beperkte
trainingsduur van de proefpersonen, ze in staat zijn om de visualisaties
te gebruiken om efficiénte resoluties te vinden. Omdat deze displays een
aantal complexe relaties direct waarneembaar maken ontdoen ze piloten van
verscheidene cognitieve taken. Dit reduceert taken die op kennis gebaseerde
probleemoplossing vereisen tot eenvoudige waarnemingstaken waar piloten
hun basisvaardigheden en vooraf gedefinieerde regels kunnen toepassen,
om zo conflicten veilig en efficiént op te lossen. Dit maakt dat piloten goed
kunnen presteren, zelfs met een beperkte hoeveelheid training.
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De resultaten onthullen ook een persistente vorm van gedrag, waarbij
de meerderheid van de proefpersonen na het bereiken van een conflictvrije
toestand terug tracht te keren naar de oorspronkelijk geplande route in meer-
dere kleine stappen, waarbij de rand van het beperkingsgebied zo dicht mo-
gelijk wordt gevolgd. Dit gedrag kan worden toegeschreven aan de precisie
van de weergegeven beperkingen: wanneer grenzen op manoeuvreerbaar-
heid gevisualiseerd worden met hoge precisie zal een menselijke bestuurder
die precisie gebruiken om de efficiéntie van de oplossing te maximaliseren.
Deze vorm van optimalisatie kan echter in sommige gevallen ook leiden tot
kleine fouten, die in de huidige context kunnen leiden tot schending van de
separatieminima.

Het moet echter wel opgemerkt worden dat elke poging tot het meten
van de relevante bestanddelen van het gedrag, de efficiéntie van oplossin-
gen en het toestandsbewustzijn van piloten altijd afhankelijk zal zijn van
de context waarin de metingen worden gedaan. Het voorspellen van de
invloed van nieuwe interfaces op het toestandsbewustzijn in realistische si-
tuaties uit metingen in een synthetische experimentele omgeving zal dus
niet altijd correcte resultaten opleveren, zelfs wanneer goed opgeleide do-
mein experts gebruikt zijn als proefpersonen in het experiment. Ondanks
deze beperkingen en ondanks het soms minder gewenste gedrag van piloten
in de experimenten is het bemoedigend dat, zelfs met een zeer beperkte hoe-
veelheid training, piloten in staat zijn om de interfaces te gebruiken om zich
meer bewust te worden van hun omgeving. Ook is het bemoedigend dat de
piloten deze kennis kunnen gebruiken om de taak van conflictoplossing uit
te voeren, waarbij ze hun conflictoplossingen weten te optimaliseren, maar
vooral ook dat ze effectief kunnen redeneren over de conflicten die ze tegen-
komen. Dit soort diepgaand begrip van het werkdomein zal essentieel zijn
voor een transparante interactie tussen mens en de automatisering.
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