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Abstract—Ecological Interface Design (EID) is an interface
design framework widely used in process control work domains,
and more recently also for aviation purposes. An example is
the Solution Space Diagram (SSD), a decision-support tool for
air traffic controllers designed according to the EID principles.
However, there have been some concerns about the performance
robustness of ecological interfaces when subjected to incorrect
sensor information. This paper presents research that was per-
formed to investigate the effects of explicitly visualizing the
means-ends relationships on sensor failure detection performance.
The set-up and findings of a human-in-the-loop experiment with
sixteen subjects controlling aircraft in a predefined airspace
show promising results. An analysis of the experimental data
indicate that the ecological interface with explicit representation
of the means-ends relations enables improved failure detection
performance. Advisory response times turned out to be longer,
indicating the usage of this extra functionality in order to check
the advisories. Specifically in high complexity scenarios subjected
to sensor failure, this extra feature has a positive impact on
performance.

I. INTRODUCTION

In order to deal with an increasing number of challenges in
terms of safety, economical and environmental issues, future
Air Traffic Management (ATM) systems will tend towards
more automated systems, enabling air traffic controllers to
deal with the predicted growth in air traffic movements [1].
It is expected that automation will become more advanced
and will play an important role in decision-making support
for controllers. However, in complex work domains like ATM,
unexpected and unanticipated events cannot be eliminated and
cannot be handled by fully automated systems only. Therefore,
the creativity and adaptability of human experts will remain
a crucial aspect in dealing with uncertain, stochastic systems
such as in the aviation domain. It is for this reason that a design
philosophy like Ecological Interface Design (EID) focuses on
designing human-machine interfaces where automation serves
as a team-player that supports decision-making of controllers,
rather than replacing the human factor completely by auto-
mated systems. The starting point of EID is to analyze the
work domain to better understand the structure and constraints
wherein the system operates. The interaction between automa-
tion and human controllers, ideally, is facilitated by ecological
interfaces that represents the boundaries and constraints of
the work domain in a way that resonates with the mental
model of the controller. The challenge lies in representing the
required information such that it fully supports knowledge-

based problem-solving and decision-making, which is exactly
the type of behavior needed in case of unanticipated events,
e.g., when sensors fail.

One of the main challenges of ecological interfaces is the
susceptibility of such a system to sensor noise. There are
some doubts about the robustness of performance when dealing
with incorrect sensor information [2]. Studies in primarily
process control domains have already shown that ecological
interfaces have equal or even better sensor failure detection
performance compared to conventional interfaces [3]-[5], and
also in aviation applications promising results have been
found [6]. However, missing in literature is research about the
influence of explicitly representing the means-ends relations
of the Abstraction Hierarchy (AH) on sensor failure detection
performance. The EID framework reasons that only if all
relevant information is presented and the relations between the
various elements of abstraction are made visible to the end-
user, a system can be controlled effectively. Any irregularities
in expected system behavior can then be correlated through
the work domain constraints and interface cues resulting in
functional redundancy. It is therefore hypothesized that the
explicit relations in terms of visual cues will have a positive
contribution to sensor failure detection performance.

This research intends to fill that gap answering the fol-
lowing main research question: Does an ecological interface
that explicitly represents the means-ends relations of the ab-
straction hierarchy give the controller improved support for
sensor failure detection? Furthermore, the effects of sensor
failure presence and increased scenario complexity on the
performance and workload are investigated. A human-in-the-
loop experiment in an Air Traffic Control (ATC) simulator has
been designed, with sixteen participants using the Solution
Space Diagram (SSD) [7], an ecological interface designed
for Conflict Detection & Resolution (CD&R) in ATC. The
means-ends relations are then manipulated to find out if
this will positively contribute to the sensor failure detection
performance of the controllers.

This paper is structured as follows. First, the interface
design framework underlying this research is briefly described
in Section II, giving a summarized background on the design
methods and discussing potential pitfalls of EID. This design
approach is used in the interface design of the SSD tool, which
is presented in Section III, which also discusses a geometric
analysis of the tool. This interface is used in a human-in-
the-loop experiment to test the theoretical framework. Section



V discusses the set-up of the executed experiment, followed
by the presentation of the experimental results in Section
VI. Finally, Section VII ends the paper with conclusions and
recommendations for future work.

II. THEORETICAL MOTIVATION

Before discussing the SSD tool used for this research, the
underlying theoretical framework known as EID will be shortly
elaborated on, along with the concerns regarding sensor failure,
which lies at the basis of this research.

A. Ecological Interface Design

The interface design framework EID was first introduced
by Kim J. Vicente and Jens Rasmussen in order to increase
safety in process control work domains [2]. This design
philosophy focuses on making constrains and relationships in
the complex cognitive work domain visible to the end-user,
enabling the end-user to limit its core activities to higher order
problem solving and decision making. In order to develop an
efficient interface, a Work Domain Analysis (WDA) should be
performed, revealing the physical and intentional constraints.
In the aviation domain investigated here, and more specifically
air traffic control, some of these constraints are the aircraft per-
formance specifications (physical) and separation regulations
(intentional). A decomposition tool known as the AH can be
used to identify all different elements of the domain at different
levels of abstraction, which are linked by means-ends relations
[8]. The lowest levels represent the physical mechanisms and
objects, including the sensors providing the raw data that is
integrated in the interface. The importance of the AH is well
stated by St-Cyr et al.: ”"An interface that represents the system
constraints at multiple levels of abstraction may continue to
provide a correct account of the constraints at one level of
abstraction when those at another level are violated.” [5]
This is a crucial realization for this research, which studies
the effect of visualizing means-ends relations on performance
when subjected to sensor failure. The AH of the SSD will be
presented in Section III-B, which is used to evaluate which
means-ends relations should be made explicitly visible for the
purpose of sensor failure detection.

A better understanding of the work domain and its ele-
ments of abstraction and constraints should specifically benefit
the controller when dealing with unfamiliar and unantici-
pated events, at which point the human primarily relies on
Knowledge-Based Behavior (KBB), opposed to Rule-Based
Behavior (RBB) or Skill-Based Behavior (SBB) [2]. KBB
requires a higher understanding of the underlying principles
of the system, which is exactly what EID strives to represent
in these interfaces through the AH. In the ATC domain for
example, it is desired to visualize the velocity range of aircraft,
while at the same time showing the constraints in terms of
obstruction induced by other aircraft. If however, an unan-
ticipated event may occur, e.g., a sensor failure causing false
(surveillance) information to propagate through the system, the
controller relies on KBB and an advanced level of reasoning
to solve the problem. There are not always standard rules
available for such situations, and the controller needs to use its
creative and innovative mind combined with its mental model
of the system to solve these events. Indicating means-ends
relations between different levels of the AH can take some

of the cognitive workload away, e.g., deriving locomotion and
obstruction directly from sensor information in the case of
ATC. This releases controllers from these efforts such that they
can focus primarily on problem solving and decision-making.
Especially in the ATC domain, which is characterized by air-
craft flying at high velocities in relatively small airspace, little
room is allowed for time-consuming integration of different
sensors and decision-making.

B. Concerns Regarding Sensor Failure Detection

In order to control a complex system, sensors are used
to collect and display information about the state of the work
domain. Configuring and visualizing these individual variables
in an organized and logical way will create emergent features,
indicating task-relevant variables that can be used for higher-
order problem solving and decision making. In the case of
the ATC system, the controller requires information about
aircraft locations, velocities, headings etc. to construct an
image of the air traffic flow. This information can be obtained
by surveillance systems (e.g. radar, Automatic Dependent
Surveillance - Broadcast (ADS-B), etc.). Instead of focusing
on integrating all these variables mentally, it is beneficiary
to have this information presented in a way that instinctively
indicates higher order elements like locomotion and obstruc-
tion. This ecological way of representing the control problem
should reduce the cognitive workload of the operator, since
the required variables are integrated and do not need to be
derived from lower-level sensors. In order to implement the
EID philosophy to an application, several obstacles have to be
overcome. One of the main concerns identified in literature [2],
[9]-[11], is the robustness of performance when the system is
subjected to sensor failure.

One of the greatest concerns thus far is the effect that noisy
or faulty sensors have on operator performance. The hypothesis
on this specific topic is two-fold. On the one hand, one can
reason that an EID interface is resilient to incorrect sensor
information, due to explicit representation of the redundant
constraints by the means-ends links of the AH. On the other
hand, one can argue that system operators would easily confuse
the displayed state of the work domain with the actual state,
because the constraints are visualized and easy to perceive
[9], [10]. In EID, these analytical tools can be used and
implemented in the interface as a means such that the operator
can make a well-informed decision on sensor fault diagnosis,
meaning that the operator remains responsible. The idea is
that if the higher-order functional constraints are explicitly
visualized in the interface, it should be easier for the system
operator to identify broken constraints, e.g., to diagnose a
faulty sensor. It should be noted that this also depends on
the interpretation of the operator. By making a proper WDA
of the controlled system using and AH, the designer is able
to identify the information necessary for operators to deal
with the complete working spectrum of the system, including
unanticipated events.

The main difference between the EID approach on sensor
fault detection and the approach by classical control theorists
is the influence of the human factor on the system. Several
analytical models for fault detection have been developed,
based on parity equations, parameter estimation and state
estimation methods [12], [13]. By comparing an analytical



reference model to the actual state of the system, an unex-
pected deviation of the residual can lead to a sensor fault
detection and diagnosis. Control theorists, however, argue that
fault diagnosis should be completely automated using these
analytical models. The fear is that human factors will cause
faulty sensors to be overlooked. However, such a model will
only account well for familiar and anticipated events. When
an unfamiliar and unanticipated event will occur, the analytical
reference model might be inadequate to detect and diagnose
sensor failure. Therefore, in EID, it is believed that the human
capacity, in the sense of adaptability, creativity and flexibility,
plays a crucial role in decision-making in control problems.
These cognitive capabilities activated during KBB are crucial
in the complex work domain of human-machine systems. If
the whole system is automated, humans would not possess a
clear mental model of the controlled system and are unable to
intervene in these situations.

C. Previous Research

Several studies already indicate a comparable or improved
performance in sensor failure detection when comparing con-
ventional interfaces with ecological interfaces. Research done
by Reising and Sanderson, involving a micro world process
pasteurization control system called the Pasteurizer II, report
an experiment investigating the differences of an EID interface
over the conventional Piping-and-Instrumentation Diagram
(PID) for minimal and maximal adequate instrumentation set-
up. It showed that the maximally adequate EID interface
showed the best failure diagnosis performance over the con-
ventional PID. The main conclusion drawn in this research
is that interfaces should display all relevant information to
the operator, which becomes crucial in unanticipated events
like sensor failures [4]. Similar comparison studies between
conventional and ecological interfaces in process control [3],
[5] and aviation [6] show similar promising results.

In an investigation focused more profoundly on the means-
ends relations, Ham et al. compared three ecological displays
of a cooling control system of a pressurized water reactor
nuclear power plant on fault detection performance [14]. Out
of three displays, the display explicitly visualizing means-ends
relations between the generalized and abstract function levels
showed significant increased operator performance, indicating
an improved awareness of the system, enabling the controller
to solve unexpected situations. The role of explicit means-
ends relations has not yet been tested on aviation applications,
therefore this research uses the SSD interface for CD&R
purposes in ATC.

The primary difference between process control and avi-
ation domains is the time window in which they operate.
Process control systems are relatively slow and static, while in
aviation decision-making often takes minutes, if not seconds,
to avoid conflicts or accidents, and these open systems are
highly dynamic. It is therefore very interesting to investigate
how this time pressure factor will influence the performance in
an ATC experiment using the SSD, and what the contribution
of the means-ends relations can be.

III. THE SOLUTION SPACE DIAGRAM

This research focuses on finding the effect of explicitly
visualizing the means-ends relations of the AH on sensor

Rpz

(a) Untranslated conflict zone.

Vmaac

(b) Translated conflict zone.

Fig. 1. Construction of the SSD.

failure detection and diagnosis. The interface used for the
experiment is the SSD, of which will be discussed in this
section.

A. Main Working Principles

A novel ecological interface proposed to contribute to the
solution of the growing air traffic is called the SSD. The
original SSD developed by Van Dam et al. was designed to
enable airborne self separation in terms of speed and heading
of aircraft in the proximity of conflict situations [7]. Later
on this was further developed to investigate its use for ATC
purposes [15], [16]. The main goal of this version is to ensure
the separation criteria, defined by a disk with height of 2,000
ft. and SNM radius called the Protected Zone (PZ). The SSD is
an ecological constraint-based interface, which uses the states
of aircraft (internal performance constraints) and separation
criteria in terms of a PZ (external separation constraints),
indicating the solution space in terms of heading and speed.
This enables controllers to resolve conflicts and avoid Loss of
Separation (LoS) by giving instructions to aircraft.

Figure la displays two aircraft, aircraft A with velocity
vector V' 4 and aircraft B with velocity vector V' p. Their
relative velocity vector V. is displayed at the origin of aircraft
A, indicating how aircraft A moves with respect to aircraft B.
Any combination of V' 4 and V g such that V. is located in the
grey colored triangle called the Forbidden Beam Zone (FBZ),
leads to a LoS. This visualization is inconvenient because
controllers use absolute instead of relative velocities.

In order to solve this, the FBZ is translated by the velocity
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vector V g of aircraft B, as shown in Figure 1b. It shows the
same situation as in Figure 1a, however due to the translation
a conflict only occurs if V4, and not V., lies in the FBZ.
The purpose is to make it more intuitive for the air traffic
controller to recognize where the solution space lies, enabling
the controller to redirect aircraft A outside the FBZ and
resolving the conflict. The external constraints are therefore
defined by the FBZ. The internal constraints in terms of
minimum and maximum velocity are indicated by two circles,
wherein the controller can give clearances.

B. Means-Ends Relationships

According to Vicente, performance can be improved by
integrating structural means-ends relationships spatially and
temporally [10]. The added functionality in the SSD will be
discussed here using the abstraction hierarchy shown in Figure
2.

Referring to the AH of the SSD in Figure 2, one can see
that several elements at different abstraction levels are con-
nected to each other by the so-called means-ends relations, as
explained in Section II-A. The rectangle element representing
Aircraft at the physical function level of the AH is related to
Obstruction (motion) element at the generalized function level,
which in its turn is related to the ATC provided separation and
Locomotion elements at the abstract function level. In order
to create more transparency for the controller about which
aircraft is causing which FBZ (Obstruction) on the SSD, it
can be beneficiary to make the means-ends relations more
explicitly visible in the interface, i.e., by highlighting the FBZ
and corresponding aircraft with visual cues.

Located in the bottom left side of the physical function
level are the Radar and ADS-B system, which are means to
information ends for the construction of the SSD. Using both
these surveillance systems creates redundancy. The radar is
used to construct the overall traffic image, whilst the ADS-B
is used to construct the FBZ and SSD. As mentioned before,
the FBZ links Locomotion with Obstruction and Aircraft
elements. However, if the system state information provided

from the radar or ADS-B to ATC is incorrect, a mismatch
occurs between actual system state and provided system state
information. This may result in incorrect ATC provided sep-
aration. Taking into account the redundancy of the combined
surveillance systems, it is expected that explicitly visualizing
the relations will help sensor failure detection.

The explicit means-ends representation will create two
important emergent features. First, by hovering with the mouse
over the observed aircraft it is possible to identify which
observed aircraft causes which part of the obstruction for
the controlled aircraft, and which does not. The FBZ of the
observed aircraft is highlighted in the SSD of the controlled
aircraft. This is a bottom-up reasoning in the AH, since the
physical function element Aircraft is linked explicitly to the
generalized function element Obstruction by hovering over the
aircraft icon.

Second, it is possible by right-clicking on the conflict area
of the SSD (the cumulative FBZ’s of all observed aircraft) to
identify which aircraft create obstruction to that specific point
on the SSD. This is a top-down reasoning in the AH, since
the abstract function element Locomotion is linked explicitly to
the generalized function element Obstruction and the physical
function element Aircraft by right-clicking on the FBZ.

This should help the controller identify the aircraft on
the SSD and linking the FBZ with radar image, especially
in complex traffic situations. More importantly, it is expected
to help the controller detect and identify aircraft transmitting
incorrect ADS-B position information.

IV. SENSOR FAILURE PROPAGATION

An ADS-B accuracy study is performed in combination
with a geometric analysis of the SSD in order to find out how
typical ADS-B failures will propagate through the interface.

A. ADS-B Accuracy

The hypothetical interface used in this experiment simu-
lates the use of data from radar to construct the overall traffic



situation and ADS-B to construct SSD. In order to introduce
realistic ADS-B sensor failures, a literature study has been
performed to investigate the type and magnitude of frequently
occurring errors. Below is a list of studies that have been
looked into:

1) London TMA [17]

2)  Several Southern European air navigation service
providers [18]

3)  Ground stations spread around Europe [19]

4)  Route Chengdu to Jiuzhai, China [20]

5) Beijing FIR region, China [21]

These studies show alarming results with respect to ADS-
B latencies and horizontal position accuracy, with frequently
occurring position errors reaching up to measured errors of
7.5NM in magnitude. One of the main causes for ADS-B not
meeting the performance standards is frequency congestion,
caused by other avionics using the same 1,090MHz frequency
spectrum. [22]. The type of ADS-B error introduced in the
experiment is a horizontal position error of 7.5NM in order to
keep it realistic, but as well as visible to the naked eye on the
SSD interface. In order to prevent confounds and to keep the
experiment measurable and simple, speed or heading errors are
omitted for this research.

B. Geometric Analysis

In principle, several state properties of the observed aircraft
can be derived from the FBZ drawn in the SSD of the
controlled aircraft, which can be used to mentally reconstruct
the conflict geometry purely by looking at the SSD.

1)  The relative bearing of the observed aircraft can be
derived by looking at the location of the tip of the
bisector of the FBZ.

2)  The velocity vector of the observed aircraft is indi-
cated by the location of the tip of the bisector of the
FBZ, indicating magnitude and heading.

3) The FBZ width angle indicates the distance towards
the observed aircraft; a wider FBZ corresponds to a
closer observed aircraft.

4)  The rate at which the FBZ width angle changes
indicates the closure rate of the aircraft.

To determine which order of magnitude a change in location
has on the FBZ and SSD, a geometric analysis of the SSD and
FBZ has been performed.
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Figure 3 shows the locations of three aircraft, namely the
location of the controlled aircraft z.,,, the actual location
of the observed aircraft indicated by radar Tops,,.,, and the
location of the observed aircraft given by incorrect ADS-
B data Z,ps, - Furthermore, the width angle of the FBZ
created by Tops,,,, is indicated with ¢, while the ADS-B
error angle is indicated with . The angle of the difference in
orientation between Tops,,, and Tops, 55 1S given by 6, and
the distance between actual location of the observed aircraft
and the controlled aircraft is indicated by d. Simple geometric
calculations lead to the changing width and radial angles as
functions of distance and error angle, as shown in Figures 4
and 5.

Figure 4a shows a general effect on FBZ width angles for
error angles over 100deg, and Figure 5a shows a noticeable
effect between 40deg and 160deg on FBZ radial angles.
Therefore, for the final experiment conflict geometries the error
angle should range between 100 deg and 160 deg. Figures 4b
and 5b conclude that up to approximately SONM distance
the FBZ width and radial angles change significantly. The
further away aircraft are, the less influence error angles have
on FBZ width angles. On a radar screen image showing a
large airspace these changes are difficult to distinguish, so
therefore the measurements are taken for conflicting aircraft
at a distance of SONM and closer. This analysis, together
with a preliminary experiment, proved that in-track position
off-sets at far distances are more difficult to distinguish than
off-track errors at close distance. The results of this analysis
are used in designing the scenarios, conflict geometries and
determining the timing of advisories for the experiment, as
will be discussed in Section V-E. The sensor failures are
implemented in the simulator for the experiment, and it is
expected that the explicit visualization of the linkes of the AH



Fig. 6. Screenshot of the ATC simulator at the moment of an advisory.

in combination with the sensor redundancy help the controller
detect these failures.

V. EXPERIMENT DESIGN

An experiment has been designed and conducted to inves-
tigate whether or not explicitly representing the means-ends
relations of the AH positively contributes to sensor failure
detection and diagnosis, as is hypothesized in EID theory. The
SSD interface is used as a CD&R tool for ATC, which is
simulated in the Multidimensional Framework for Advanced
SESAR Automation (MUFASA) environment, of which a
screenshot can be found in Figure 6.

A. Apparatus

The MUFASA simulator is a Java-based application en-
abling air traffic controllers to command aircraft in a given
airspace, using the SSD tool. Figure 6 shows a screenshot of
the simulator during an advisory, showing the agreement rating
window on the top right (D)) and two open SSD’s, one for the
advisory (@) and one manually opened by the controller @).
Aircraft @) is in conflict with aircraft 4. Furthermore, a FBZ
is highlighted due to the mouse hovering over the manually
opened aircraft.

The air traffic motion is simulated by simple, linear kine-
matic equations. These are described by the aircraft position
coordinates, velocity and heading angle. In order to simulate
aircraft turn dynamics and the transient in changing magnitude
of aircraft velocity, first order transfer functions are used [16].

B. Independent Variables

In order to answer the research questions, three indepen-
dent variables were defined, resulting in a mixed within- and
between-subjects experiment.

First, the between-subjects variable is the explicit represen-
tation of the means-ends relations, resulting in two different
interfaces tested by two separate groups. This will from now

on be referred to as group I (means-ends relations off) and
group II (means-ends relations on).

Second, a within-subjects variable is the scenario com-
plexity, resulting in two levels, namely low (L) and high
(H). The scenario complexity is a derivative of structured
versus unstructured air traffic flow. By keeping the aircraft
number in the sector approximately the same at all time, the
average conflict-free solution space for the unstructured, high
complexity situation is smaller, as can be seen in Figure 7.

Third, a within-subjects variable is the sensor failure, which
can be either off (N) or on (Y). The sensor failure is always
an ADS-B position off-set of 7.5NM, which was found to be
a realistic, frequently occurring error. In the scenarios with a
sensor failure, only one aircraft emits incorrect ADS-B position
data to the system.

C. Control Variables

The SSD version used for this research is the Time-To-
Contact (TTC), meaning that the time it takes for a LoS
to occur is color-coded in darkgrey (over 180 sec.), orange
(between 90 and 180 sec.) and red (between O and 90 sec.),
as can be seen in Figure 6. These visual cues should help
the controller prioritize which conflicts are critical and need
urgent attention. In order to avoid confounds, all aircraft used
in the scenarios are of the same class, meaning they have the
same performance envelope (velocity range) at that altitude.
Scenarios with mixed aircraft classes can result in a FBZ lying
outside the SSD. Furthermore, the airspace sector dimensions
are kept the same for all scenarios, with a decagon shape of
50NM radius.

Two means to control aircraft are available. First, if a
conflict occurs, the automation will give a resolution advisory
and the controller has 30 seconds to accept or reject that score,
after which the advisory expires and is automatically executed
(management-by-exception [23]). Second, when the advisory
is accepted, rejected or expired, that specific aircraft is enabled
for manual control. This can all be done by a regular mouse
and keyboard input.



The main reason for supervisory control through
management-by-exception instead of complete manual con-
trol is to keep the experiment controllable in order to test
certain traffic situations. Research shows that a higher level
of decision-making automation authority results in lower au-
tomation acceptance [24], [25]. This is the main reason to
keep the automation at a fairly low-level. The advisories are
scripted, however the participants are told that the advisories
are generated by automated checking of conflicts and exit
points deviations. The advisories are based on the information
from the SSD, which on its turn is generated by ADS-B data.
Since this research is focused on the operator performance with
an interface subjected to ADS-B sensor failure, the operator
will be confronted with cases where the SSD is inconsistent
with the overall traffic situation visualized by the radar. This
means that there are test cases wherein an advisory is given that
is actually correct according to the SSD, but which is in fact
incorrect and misleading, possibly resulting in a new conflict.
These specific cases are of interest to investigate the sensor
failure detection and diagnosis. The advisories are designed in
such a way that they are as efficient as possible, within the
boundaries of the aforementioned restrictions.

In order to test multiple traffic situations per scenario, and
to keep the scenarios repeatable and interesting, the simulation
ran at 3-times faster than real time. This resulted in a traffic
scenario of 585 seconds, which ran for 195 seconds in the
simulation. This was chosen as such that four consecutive
advisories of 30 seconds could be given, with 15 seconds of
initial adjustment time, 15 seconds in between advisories, and
15 seconds of manual run-out time after the last advisory. A
1Hz update frequency was used in order to simulate an actual
radar revolution rate.

D. Dependent Measures and Resolution Advisories

Several measurements were taken of which the most inter-
esting are listed here;

e  Correct accept/reject score measures if a participant
agrees with the advisory or wants to implement an
own solution.

e Advisory agreement rating measures the level of
agreement with the given advisory, which was mea-
sured by a slider bar with scale 0-100 before respond-
ing to the advisory.

e Sensor failure detection is measured using verbal
comments and is noted if the correct sensor failure
was detected and corresponding aircraft identified.

e Workload rating measures the overall perceived
workload measured using a slider bar with scale 0O-
100 at the end of each scenario

e Advisory response time measures the time between
initiation of, and a possible response to an advisory.

e Number of inspections is recorded in order to see
how often a SSD would be opened, and furthermore
how many means-ends inspections are utilized.

e  Number of LoS are measured as a means of perfor-
mance.
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Fig. 7. Average available solution space complexities over time.

In addition to these primary measures, a few other measures
were logged to further support the analysis. These were:
minimum separation distance between aircraft, collisions and
manual velocity and heading commands.

E. Traffic Scenarios

Following the independent variables, experimental condi-
tions can be determined, namely A:LxN (Scenario A, Low
complexity, No sensor failure), B:LxY, C:HxN and D:HxY
for groups I and II, resulting in a total of eight conditions.
The scenario complexities are measured according to the SSD
metric, showing the instantaneous average solution space of
aircraft within the sector, whereas a higher number means a
higher available solution space. These are plotted over time
in Figure 7, giving an average complexity of 0.7188 for low
complexity scenarios (more solution space) and 0.5146 for
high complexity scenarios (less solution space). There are
two reasons the complexities converge towards the end of
the scenario. First, because towards the end of the scenario
there are no more aircraft flying into the sector, the number of
head on traffic situations are reduced, increasing the solution
space (specifically for the high complexity case). Second, due
to manual input of the controller, sub-optimal solutions were
found, increasing the solution space (extra margins) at the
expense of efficiency. The aircraft count was approximately
the same over the two scenarios.

Two repetitions of each condition were performed. In order
to prevent recognition, dummy scenarios were used between
actual measurement scenarios and measurement scenarios were
rotated 180 degrees. In order to prevent confounds, only one
type of conflict geometry was used for the actual measurement
points, namely a converging tracks situation. A preliminary
conducted experiment and SSD geometry analysis showed
that this type of conflict geometry was best suited to test
performance when subjected to sensor failure, compared to
overtaking tracks. Also, these investigations showed that sen-
sor failures at large distances were practically impossible to
notice with the bare eye, restricting the advisories to relatively
developed conflict situations with less than a minute to LoS.

The resolution advisories aim at solving conflicts in an
efficient matter, whilst trying to steer the aircraft towards their
designated exit points, as much as possible. Figure 8a indicates
a typical conflict, where the advisory (red arrow) suggests the
conflicting aircraft to go behind the other two aircraft. It may
deviate from the exit point (magenta line) because the first
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(a) Conflict geometry and advisory without sensor failure.

*

(b) Conflict geometry and advisory with sensor failure.

Fig. 8. Typical conflict geometries in the experiment.

priority is to solve the conflict, and second priority is to direct
aircraft as much as possible towards exit point. It is then the
responsibility of the controller to manually redirect the aircraft
to its exit point, once the two aircraft in line have passed.

In case of sensor failure, the advisories are based on the
partially incorrect SSD. The advisory is restricted to a location
in the heading/velocity-spectrum where the SSD indicates it to
be correct, while in reality the resolution is incorrect and would
direct that aircraft into a conflict with the aircraft sending
erroneous position information. This can be seen in Figure 8b,
showing exactly the same situation as Figure 8a, only this time
the bottom right aircraft gives incorrect position information.
The SSD visualizes this aircraft to be 7.5NM behind its actual
current location, indicating solution space between the two
aircraft that is actually not present. This should be the case
for the full 30 seconds the advisory is given, which seriously
restricts the options for advisories in the case of failure. Due
to these limitations, it was not always possible to follow the
rules of the air [26], and often an optimal resolution is used in
terms of time efficiency or path length. It is then measured
whether or not the subjects accept or reject that incorrect
advisory, indicating a distrust towards the automation based
on the SSD, and hence detecting the sensor failure. In the
scenarios including a sensor failure, three of the four advisories
would be affected by this failure and would thus be incorrect.

F. Subjects and Control Task

Sixteen persons participated in the experiment, all students
or researchers in the faculty of Aerospace Engineering at the
TU Delft. Their experience varied from working in ATC and
ATM domains to aircraft control systems.

The control task given to the subjects was two-fold,
namely:

1)  Conflict resolution task The primary control task is
to ensure safe separation at all times between aircraft
by resolving potential conflicts.

2) Exit clearance task The secondary control task is
to ensure all aircraft exit the sector airspace at their
designated exit points, as much as possible.

As mentioned before, both control tasks can be completed
by accepting or rejecting a given automated resolution advisory
within 30 seconds, and additionally by executing manual
commands to those aircraft. It is emphasized to the participants
to always carefully check the advisories based on the SSD with
the overall traffic situation given by the radar image.

G. Hypotheses

The following hypotheses are formulated with respect to
the expected results.

e HI1: Enabling the explicit representation of the
means-ends relations (group II) in the SSD will
increase operator performance of sensor fault de-
tection. Enabling the explicit means-ends represen-
tation will create two important emergent features
as discussed earlier in Section III-B. These features
explicitly show higher-order properties of the AH of
the system, here the locomotion and obstruction of the
observed aircraft. This integrated representation will
save the operator quite some cognitive workload on
deriving the necessary information from the sensors.
In terms of operator performance on sensor fault
detection, it is expected that due to that lower required
cognitive workload, a sensor failure will be easier
detected, and the type of the error can be diagnosed
more accurately. It is expected that this also reflects in
the comparison between the correctly rejected scores
of the groups, meaning it is presumed that group II
has more correctly rejected advisories.

e  H2: Increasing the air traffic scenario complexity
will decrease the operator performance of sensor
fault detection using SSD relatively more for group
I compared to group II. It is hypothesized that a
higher scenario complexity leads to a higher workload
experienced by the controller [27], and thus resulting
in a lower performance. Several studies have already
shown specifically for the SSD that with increasing
air traffic scenario complexity, the overall operator
workload is increasing and its overall performance is
declining [15], [16], [28], [29]. It is expected that this
trend will also take place in this experiment, both
with and without explicit representation of means-
ends relations. A higher sector complexity leads to
more overlapping FBZ, making it difficult for the
operator to distinguish which FBZ belongs to which
aircraft. Therefore, it is expected that with disabled
means-ends relations the performance is relatively
more decreasing with increasing scenario complexity,
compared to enabled explicit means-ends relations.

e  H3: Both higher scenario complexity and inducing
a sensor failure in a scenario will lead to an
increased perceived workload. It is expected that
an unstructured, high complexity scenario increases



stress levels, which will reflect on the workload scores
[27]. Furthermore, if a scenario is subjected to a sensor
failure, it is hypothesized that controllers notice that
the corresponding SSD and resolution advisory are not
compliant with the radar image. This can increase the
experienced stress level and workload.

e H4: Sensor failure presence will result in lower
agreement ratings, specifically for group II. Since
some advisories are directly affected by sensor fail-
ures, it is expected that the agreement ratings will be
lower for these scenarios. Referring to hypothesis H1
it is anticipated that this effect is more noticeable for
group 1L

VI. RESULTS

Following the verbal comments during the experiment and
the debriefing, there was no indication of scenario or conflict
situation recognition of the repeated measures by any of the
subjects. The data of the experiment was logged and analyzed.
First, it was checked which data fulfilled the normality re-
quirements in order to perform Analysis of Variance (ANOVA)
statistical tests. This was done using Kolmogorov-Smirnov and
Shapiro-Wilk normality tests. It turned out that the agreement
ratings, workload ratings, advisory response time and number
of inspections can be considered normally distributed. All other
data were subjected to non-parametric tests in order to look for
statistical significance, where a Kruskal-Wallis test was used
to search for between-subject effects, and a Friedman test was
used to investigate within-subjects effects.

A. Correct Accept/Reject Score

The correct accept and reject scores are an indication of
the advisory agreement of the subjects. An initial analysis was
performed by plotting the cumulative accept and reject scores,
as shown in Figure 9 and Figure 10.
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Fig. 9. Cumulative number of correct accept advisories.

The maximum correct accept score for scenarios without
sensor failure (N) is 32 (four correct advisories times eight
participants per group), and for scenarios with sensor failure
(Y) is four (one correct advisory times eight participants per
group), which are indicated by red dotted lines. At first sight,
a distinct trend can be spotted between the presence of sensor
failure and the number of correct accepted advisories. There
does not seem to be a significant difference for the accept
scores between groups, which is confirmed by a Kruskal-
Wallis test. A Friedman test shows there are within-subjects

interactions (x?(1) = 43.596,p < 0.001), which are caused
by sensor failure presence. No effects of complexity can be
found on the number of correct accept score.
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Fig. 10. Cumulative number of correct rejected advisories.

For the reject scores, there seems to be a trend between
groups, whereas the means-ends relations seems to contribute
to a higher number of correct rejected advisories. Also, a
trend can be seen between low and high complexity scenarios,
whereas a lower complexity leads to a higher number of
correct rejects. The maximum correct reject score is 24 (three
incorrect advisories times eight participants per group). It
can therefore be deduced from the results that quite often
incorrect advisories were accepted, which can be related to
the different control strategies discussed in Section VI-G. A
Kruskal Wallis test showed there is no significant difference
between the two group distributions for scenarios B (x?(1) =
1.049,p = 0.306) and D (x%(2) = 4.000,p = 0.406).
A Friedman test showed within-subject interaction effects
(x*(1) = 4.445,p = 0.035), as confirmed by a post-hoc
Wilcoxon test (Z = —2.365, p = 0.018), indicating that there
is a negative correlation of scenario complexity with correct
rejected advisories, as was expected.

B. Agreement Rating

Agreement ratings are given for every advisory to indicate
the level of compliance with the given resolution. These scores
were normalized and analyzed using boxplots, shown in Figure
11. An overall trend can be seen between the presence or
absence of a sensor failure, whereas the failure presence leads
to a lower agreement rating. Furthermore, this effect seems
to be larger if the explicit means-ends relations are enabled,
resulting in more extreme ratings for this group.
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Fig. 11. Normalized agreement rating.



Using a 2x2x2 three-way mixed ANOVA test a significant
main effect of sensor failure presence (F'(1,14) = 19.283,p =
0.001) is found on agreement rating. However, no significant
main effects of group and complexity are found, nor any
interaction effects.

C. Sensor Failure Detection

Sensor failure detection is measured through verbal com-
ments. Only when the participants found the correct aircraft
subjected to sensor failure, this would be recorded. The cumu-
lative numbers of detection are shown in Figure 12, whereas a
maximum cumulative result of eight was possible (one failure
per scenario times eight participants), indicated by a red dotted
line. It can be seen that the explicit means-ends relations result
in an overall higher detection number for both scenarios. A
trend can also be detected for complexity, whereas a lower
complexity leads to a higher number of detected failures.
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Fig. 12. Sensor failure detection.

After performing a Kruskal-Wallis test it is shown that
both conditions show a significant difference between the two
groups, namely for scenario B:LxY x?(2) = 4.923,p = 0.027
and for scenario D:HxY y?(2) = 5.208,p = 0.022. It can
be seen that this difference is relatively bigger for the high
complexity case. A Friedman test also indicates a significant
difference within subjects, where a higher complexity would
give a lower sensor failure detection rate x2(1) = 4.500,p =
0.034.

D. Workload Rating

After each scenario subjects completed a workload score
varying from 0-100. These scores were then normalized and
plotted as can be seen in Figure 13. No clear distinction
between groups can be directly found, however in the presence
of sensor failure participants tend to rate a higher workload
compared to scenarios without failure. A 2x2x2 three-way
mixed ANOVA test showed no overall main effects between
groups. A main effect of sensor failure presence is found
(F(1,14) = 56.573, p < 0.001), where a failure presence leads
to higher workload rating. No effect of group, complexity or
interaction effects are found.

E. Response Time

The advisory response time was defined as the time be-
tween the start of the advisory and accepting, rejecting or
expiring. The results are plotted in Figure 14. It can be
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Fig. 13. Normalized workload rating.

observed that if the means-ends relations are enabled, the
trend seems to be that advisory response time is consistently
longer. Also, the presence of a failure seems to lead to overall
longer response times, as well as a higher complexity does. A
2x2x2 three-way mixed ANOVA test was performed, showing
a hint of different distributions (F'(1,14) = 206.249,p =
0.051), indicating an effect of the means-ends relations on
the time., however this is not significantly sufficient from a
statistic point of view. A significant main effect of complexity
(F(1,14) = 14.328,p = 0.002) and sensor failure presence
(F(1,14) = 10.233, p = 0.006) is found, meaning that a both
a higher complexity and/or the presence of a failure leads
to longer response times. No interaction effects were found
between group, complexity and sensor failure presence.
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Fig. 14. Advisory response time.

E Inspections

To find out more about the interface usage, the total
number of SSD inspections are counted and the boxplots
are displayed in Figure 15. Even though the total values
consistently show a higher number of inspections if the
links are enabled, the variation within these groups is too
high and no statistical significance in distributions is found
(F(1,14) = 335.348, p = 0.144). Main within-subjects effects
are found for complexity (F'(1,14) = 5.178,p = 0.039), and
failure (F'(1,14) = 96.285,p = 0.050). This indicates that
both a higher complexity and a sensor failure presence lead to
significant more SSD inspections.

For group II the usage of the extra functionality of means-
ends relations is recorded. The right-mouse clicks are plotted
in Figure 16, indicating no trends. Further investigation shows
that some participants used this feature frequently, however
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there were also three of the eight participants of group II that
did not use this feature in any of the measured scenarios. No
main effects of complexity and failure presence are found.
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The usage of visualizing these relations by means of
hovering over observed aircraft is shown in boxplots in Figure
17, which indicates no trends. No main effects are found for
complexity and failure presence.
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Fig. 17. Total means-ends inspections by hovering.

G. Control Strategies

Several control strategies could be identified from the data
and observations, of which the most frequently occurring are
briefly addressed in this section.

1) Check advisory with SSD, link FBZ to aircraft
(mostly group II), and crosscheck this with radar

image
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2) Reject correct advisories and manually redirect
(sometimes temporarily into FBZ) for larger margin

3)  Accept/reject advisories such that aircraft is manually
controllable, then implement manual resolution

4)  Reject correct advisory, followed by manual resolu-

tion which is approximately the same as advisory

It can be seen that there were quite some different strategies
used, which influenced the results. Some participants had more
experience with ATC and have knowledge about the rules of
the air, which influenced their judgment on the advisories.
In some cases these participants would prefer mutual reso-
Iutions, however only one aircraft per conflict was enabled
for manual control after the advisory. It must be noted that
these participants were balanced over the two groups. Most
participants also indicated to favor manual heading clearances
over speed commands, as is confirmed by the results. The
manual commands led in some cases to self-induced conflicts,
resulting in a higher experienced workload. Due to these
different control strategies, it is not always possible to correlate
a rejected advisory with the logic used. The advisory could be
rejected because a sensor failure was detected, or because the
advisory was non-conform the desired resolution of the subject,
or due to general reluctance to use automation. However,
observations and verbal comments helped identifying which
subjects correctly detected the aircraft subjected to sensor
failure.

VII. DISCUSSION

The goal of this research was to investigate the influence
of explicit visualization of the means-ends relationships of
the AH on the performance of the controller when the ATC
system is subjected to ADS-B sensor failures. Participants had
to control air traffic through a free route airspace, using the
SSD ecological interface decision-support tool. Some scenarios
were subjected to sensor failures, and it was investigated
how that would affect operator performance, and if these
failures could be detected. Furthermore, scenario complexity
was manipulated by means of structuring the traffic in order to
control the average solution space and workload per scenario.

A. Sensor Failure Detection Performance

Looking at the results, there are signs that explicit presen-
tation of the means-ends relations of the AH enables improved
support for controller performance when subjected to sensor
failures. It is statistically proven that group II performed better
at sensor failure detection than group I, therefore hypothesis
H1 can be accepted. Verbal comments indicate that both groups
could recognize that something was incorrect during sensor
failure, however only group II was better able to identify
the aircraft with failure. The extra information provided by
explicitly visualizing the relations seems to help controllers
to correctly identify problems, and manually come up with
correct solutions. This is also partially supported by advisory
response times and SSD inspections, where it appeared that
group II uses more time and inspections to carefully check
the SSD and the given advisory for correctness, however the
difference is not statistically significant.

Furthermore, it is shown that this effect stronger is in
unstructured, more complex situations. This is also partially



supported by the correct reject scores, showing a trend between
the groups, even though there is no confirmed statistical
significant difference in distributions. As was hypothesized
(H2), a higher complexity (unstructured scenario) leads to
more overlapping FBZ’s, which causes more trouble for group
I. Even though the perceived workload was not necessarily
higher for high complexity scenarios, the solution space was
significant lower due to the unstructured nature of the free
airspace, resulting in overlapping FBZ. Specifically in these
type of situations, the means-ends relationships are useful
for detecting sensor failures, therefore hypothesis H2 can be
accepted. Due to the visualization of higher-order properties
of the AH, an instinctive link can be made between locomo-
tion and obstruction of aircraft. In combination with sensor
redundancy this enables the controller to match the FBZ with
the corresponding aircraft causing the obstruction. Using this
information, the controller can then check if the advisory, that
is based on the SSD, is safe in accordance with the overall
radar image.

B. Automation Acceptance, Conformance and Strategies

The correct accept/reject scores showed no significant
differences between group I and II. The high rate of (incorrect)
advisory rejections can be explained by a number of reasons.
First, there might be a lack of strategic conformance with
the automation. Conformal resolution advisories are generally
more easily accepted by the participant, i.e., if there is a
mismatch between optimal resolution strategy of human and
machine, the subject tends towards rejecting this advisory [30].
This conformance is personal and subjective, and might not
always be the most optimal solution. The resolutions given
in this experiment were in some cases due to sensor failure
induced geometric restrictions not according to the rules of the
air and thus not conformal with some subjects, even though
in most cases the automated advisory was more optimal than
the manual solution. Ideally, first a strategic conformance
study should be performed along participants before the actual
experiment, such that the preferred manual resolutions can be
used to construct advisories, filtering out any conformance
confounds [30].

Another reason for the number of (incorrect) advisory
rejections could be that due to induced sensor failures, par-
ticipants would get a dispositional automation bias. Due to a
distrust towards the automation, which in some scenarios was
based on an SSD subjected to erroneous sensors, some partic-
ipants turned quite hesitant to accept advisories based on that
automation, even in scenarios without incorrect information.
This happened specifically with participants that had sensor
failures in the first scenarios, indicating some order effects.
This is in compliance with the work of Lee et al., indicating
that there is a complex dynamic relation between trust and
the use of automated advisories [31]. The variation in results
can partly be appointed to different experiences within ATC
and the knowledge of the rules-of-the-air, or lack thereof, and
different developed strategies. Some participants based their
strategies on visual support from the SSD only, while others
tried to couple this information with the overall traffic scenario
and relate this to the given resolution. For future research it
is highly recommended to use a more homogeneous group of
subjects for the experiment, ideally all with exactly the same
background and knowledge. A longer training period could
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be beneficial for improved understanding of the system and
development of consistent strategies.

C. Utilization of Means-Ends Relations

It can be seen that specifically the means-ends hovers were
frequently used by all subjects of group II, while the right
mouse click option was used by five of the eight subjects,
and less frequently. One of the participants explained this
behavior as follows: if an SSD of a random aircraft is open for
inspection, it is possible that an advisory pops up opening a
second SSD indicating the resolution for that aircraft, while the
first SSD remains opened. However, the right-clicking function
is still assigned to that first aircraft. Only first by left mouse
clicking on the advisory aircraft would that enable the right
mouse clicking. The reason for that is that if participants
are inspecting an SSD and perhaps are preparing a manual
command, it is undesired to interfere with this decision-making
by prioritizing the advisory. This was also clearly indicated in
the briefing and training, however the extra effort of clicking
again can still be a reason for lower number of right-mouse
click actions compared to hovers. Despite this, it can be said
in general that the extra functionality is used quite extensively
and helps the controller in task-relevant decision-making.

It can be stated that the visualization of the means-ends
relations have a positive contribution in understanding the
actual system state, and more precisely in correctly notic-
ing any malfunction in information supply, specially in the
presence of sensor redundancy. In the time-critical and highly
dynamic aviation domain, these relations can help controllers
with fast interpretation of information and decision-making. It
should be noted, however, that due to this time pressure, some
participants were not able to find a correct alternative solution.
In none of the cases did the visual cues interfere with the
controller activities or misinform the participant in any unde-
sired way. It seems for those reasons that explicit visualization
of means-ends relations can become increasingly important in
sensor failure detection and diagnosis in ecological interfaces.

VIII. CONCLUSION

This paper presents the investigation of the effects of visu-
alizing the means-ends relations of the Abstraction Hierarchy
(AH) in an ecological interface on sensor failure detection
performance. This is done by a conducting a human-in-the-
loop experiment using a novel Air Traffic Control (ATC) eco-
logical interface for Conflict Detection & Resolution (CD&R)
called the Solution Space Diagram (SSD). It is hypothesized
that an explicit visualization of these links helps the controller
detect and identify sensor failures, improving performance.
Sixteen subjects divided into two groups participated in the
experiment, testing four conditions. It is shown that the added
functionality of means-ends relations positively contributes to
sensor failure detection. In some cases there were incorrect
rejected advisories due to a lack of advisory conformance with
the participants, or general reluctance to accept automation.
However, the means-ends relations are extensively used in
order to inspect the SSD and their advisories, resulting in a
longer advisory response time and more accurate sensor failure
detection performance. Visualizing the relations can therefore



be a promising contribution to sensor failure detection perfor-
mance for the SSD specifically and future ecological interfaces
in general.
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Appendix A

Literature Study

This chapter summarizes the main points of the literature survey performed during the pre-
liminary graduation phase, which are of interest for the rest of the graduation project on
sensor failure in the Solution Space Diagram (SSD) ecological interface. According to Ox-
fords Dictionary, a (computing) interface can be defined as follows:

interface [mtofeis| - ”a device or program enabling a user to communicate with a
computer”

as in for example a graphical user interface (Oxford University, 2014). It can be deducted
from this definition that the function of an interface is to let the user of a computer system
interact with this system. The interface should display all relevant information to the user,
who on its turn can give input to that system. This chapter will elaborate more on all relevant
literature on ecological interfaces like the SSD tool.

This chapter is structured as follows. First, the interface design framework used for the
design of the SSD known as Ecological Interface Design (EID) is described in section A-1.
The basic principles of the SSD ecological interface are described in section A-2. One of the
main concerns in EID is its performance when facing sensor failures. This is elaborated on in
section A-3, followed by a brief summary of an Automatic Dependent Surveillance - Broadcast
(ADS-B) performance study in section A-4. The main conclusions of the literature study are
found in section A-5.

A-1 Ecological Interface Design

This section will summarize the theoretical fundamentals of the interface design framework
known as EID. The interface design framework known as EID is first introduced by Kim J.
Vicente and Jens Rasmussen in order to increase safety in process control work domains. This
design philosophy is focused on making constrains and relationships in the complex cognitive
work domain visible to the end-user, enabling the end-user to limit its core activities to higher
order problem solving and decision making. The principles of EID are used in the design of
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the SSD, and therefore it is of relevance for this project. This section will summarize the
development of EID and give an outline for the framework. It is furthermore shown how the
theory comes to practice in the design of the SSD.

A-1-1 Development and Relation to Control Theory

When control systems started to evolve towards complex human-machine systems, new design
challenges were introduced which led to the development of EID. When identifying these
challenges, Vicente and Rasmussen came to a couple of important conclusions, which are
listed below (Vicente & Rasmussen, 1992).

1. Three types of events can be classified in complex human-machine systems from the
perspective of operators and designers, being;:

(a) Familiar (routine) events
(b) Unfamiliar, but anticipated events

(c¢) Unfamiliar and unanticipated events
2. Two types of human factor problems can be identified, being:

(a) Anticipated events are more susceptible to slips (i.e. errors of execution)

(b) Unanticipated events are more susceptible to mistakes (i.e. errors of intention)
3. The interface is inherently bounded to the laws of control:

(a) Law of Requisite Variety
(b) Physical systems are described by set of constraints

(c) Every good controller must possess a model of the to be controlled system

Keeping these observations in mind, Vicente and Rasmussen came up with a structure for the
interface design problem as visualized in figure A-1 as is deducted from (Vicente & Rasmussen,
1992).

The interaction between the complex work domain, the interface and the human operator
poses two main questions. First, how can the complex work domain complexity best be
described? Second, how can the interface best be structured in order to communicate the
informational content? This problem structure and the accompanied questions led to the main
tools for EID, namely the Abstraction Hierarchy (AH) as described in section A-1-2, which
contains the domain representation formalism, and the Skills, Rules & Knowledge (SRK)
taxonomy as explained in section A-1-3, containing a model for human behavior dealing with
complexity.

A-1-2 Abstraction Hierarchy
In order to perform a proper Work Domain Analysis (WDA) for interface design, Vicente and
Rasmussen proposed a 5-level functional decomposition tool called the AH. The AH is used

to describe and understand the structure of a system at the following levels of abstraction:
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(- I

Complex Work l

Domain

[ Question: How to describe domain complexity?
l Required: A domain representation formalism.

‘ Interface I

[ Question: How to communicate the information?
Required: A model of the mechanisms that
l people have for dealing with complexity.

Human Operator

- J

Figure A-1: The structure of the interface design problem

1. Functional purpose Contains the generalized goals and purposes of the overall system.

2. Abstract function Consists of the laws and principles of physics that are applicable
to the system

3. Generalized function Explains the complex work domain in terms of standard engi-
neering functions.

4. Physical function Represents physical mechanisms associated with the processes.

5. Physical form Describes appearance, condition, location and spatial proximity of com-
ponents.

The top level describes the higher level goals and purposes of the system, while the bottom
level describes the physical components of the system. The relationships between the com-
ponents are indicated by means-ends links (Vicente, 1999) The AH enables the systematical
identification of functionally abstract information of a complex work domain, which is a very
useful tool in interface design. This is well formulated by St-Cyr et al.: ”An interface that
represents the system constraints at multiple levels of abstraction may continue to provide a
correct account of the constraints at one level of abstraction when those at another level are
violated.” (St-Cyr, Jamieson, & Vicente, 2013)

A-1-3 Skills, Rules & Knowledge Taxonomy

The SRK taxonomy was first developed by Rasmussen in 1983. ”The SRK taxonomy is
defined by distinguishing categories of human behavior according to fundamentally different
ways of representing the constraints in the environment” (Vicente, 1999). It is a set of basic
distinctions corresponding to a category of human performance, which can be used in the

Ecological Interface Design: Sensor Failures in Air Traffic Control Decision-Making V.A. Bijsterbosch



22 Literature Study

development of human performance models. Each of the three levels represent a different level
of cognitive control. Skill-Based Behavior (SBB) level of cognitive control is the basic motor
performance of the human body that requires practically no conscious control to perform an
action.

Rule-Based Behavior (RBB) uses stored rules known from experience, while not having to
understand the underlying principles of the system. In Air Traffic Control (ATC) this RBB
is supported by the ”Rules of the Air” (Annex 2 to the Convention on International Civil
Aviation, (ICAO, 2005)), describing a set of rules to avoid collision in conflict situations.
When using the SSD, the Air Traffic Controller (ATCo) can use this set of rules when facing
unfamiliar, but anticipated events.

Finally, Knowledge-Based Behavior (KBB) comes into play when an unanticipated event
occurs. A fundamental understanding of the underlying principles of the system are required
in order to perform the right action. Due to the highly complex nature of the air traffic control
work domain, there will always be a chance of unanticipated events. Therefore, it is desired
for the AT Co to have all required information presented in a logical and integrated manner,
such that the controller can apply KBB to focus on problem-solving and decision-making.
The cognitive workload is the largest for KBB compared to SBB and RBB.

A-2 Solution Space Diagram

One of the novel ecological interfaces opposed to contribute to the solution of the growing
air traffic is called the SSD, developed at the Control & Simulation (C&S) department of
the faculty of Aerospace Engineering at Delft University of Technology (DUT). The original
SSD developed by Van Dam et al. was designed in order to enable airborne self separation
in terms of speed and heading of aircraft in the proximity of conflict situations (Van Dam,
Mulder, & Van Paassen, 2008). Later on this was further developed to investigate its use for
ATC purposes (Velasco, 2010; Borst, Westin, & Hilburn, 2012).
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Figure A-2: Visualization of the SSD

H
Figure A-2a displays two aircraft, namely aircraft A with velocity vector V4 and aircraft B
with velocity vector V. The Protected Zone of aircraft B (PZp) in the horizontal plane is
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shown as a disk with a 5 NM radius, which is the minimum allowable separation distance for
aircraft. Their relative velocity vector 7T of these two aircraft is displayed at the origin of
aircraft A, indicating how aircraft A moves with respect to aircraft B. Using this visualization,
it can instantly be seen that when 77“ moves in the direction of PZp a loss of separation will
occur. In fact, any combination of V4 and Vg such that V. is located in the grey colored
triangle called the Forbidden Beam Zone (FBZ), leads to a loss of separation.

Figure A-2b shows exactly the same traffic situation, this time with the FBZ translated by
velocity vector of the other aircraft and represented as in the SSD interface. In this case,
the velocity vector is indicated by the thick black lines, indicating both the magnitude and
direction of the velocity. The inner and outer circles indicated in the SSD visualization
represent the minimum and maximum velocities of the aircraft. Now assume that aircraft A
is the controlled aircraft, and aircraft B is the observed aircraft, meaning that an air traffic
controller can redirect the controlled aircraft by giving velocity and heading commands. The
SSD of the controlled aircraft shows its solution space in terms of velocity and heading at the
current velocity and heading of the observed aircraft. As can be clearly seen from figure A-2b,
the current velocity vectors of each aircraft are in the FBZ of the other aircraft and over time
this will ensure a loss of separation if no action is taken. Therefore, the controlled aircraft
must modify its absolute speed vector outside the FBZ, i.e. the white space of the SSD. It
is clear that the SSD only offers solutions in the horizontal plane, since it is not considering
the vertical solution space. The main conclusion of the experiment performed by Borst et
al. is that novices found the SSD useful and were eager to react to red conflict warnings and
experienced controllers were more skeptic towards the SSD (Borst et al., 2012). This version
of the SSD is used in the conducted preliminary experiment.

A-3 Sensor Fault Diagnosis & EID

In order to implement the EID philosophy to an industry-wide application, several obstacles
have to be conquered. In order to control a complex system, sensors are used to collect and
display information about the state of the work domain on the interface. Configuring and
visualizing these individual variables in a organized and logical way will create emergent fea-
tures, indicating significant task-relevant variables that can be used for higher-order problem
solving and decision making. This ecological way of representing the control problem should
reduce the cognitive workload of the operator, since the useful variables are integrated in the
display and do not need to be derived from lower-level sensors.

One of the greatest concerns thus far is the effect that noisy or faulty sensors have on operator
performance. The hypothesis on this specific topic is two-fold. On the one hand, it can be
reasoned that an EID interface should be resilient against incorrect sensor information due
to explicit representation of the redundant constraints by the means-ends links as modeled
in the AH. On the other hand, it can be argued that system operators would easily confuse
the displayed state of the work domain with the actual state, because the constraints are
visualized and easy to perceive (Vicente et al., 1996; Vicente, 2002).

The different visions of both EID and control theorists on sensor fault diagnosis are elaborated
on in section A-3-1. There has been some previous research in the field of the robustness of
system performance using an interface designed according to the EID principles.
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A-3-1 Analytical Redundancy

The main difference between the EID approach on sensor fault detection and the approach of
classical control theorists is the human factor. Several analytical models for fault detection
have been developed, based on parity equations, parameter estimation and state estimation
methods (Isermann, 1997; Frank, 1990). By comparing an analytical reference model to the
actual state of the system, an unexpected deviation of the residual can lead to a sensor fault
detection and diagnosis (Vicente & Rasmussen, 1992).

In EID, these analytical tools can be used and implemented in the interface as a means such
that the operator can make a well-informed decision on sensor fault diagnosis, meaning that
the operator remains responsible. The idea is that if the higher-order functional constraints
are explicitly visualized in the interface, it should be easier for the system operator to identify
broken constraints, i.e. diagnose a faulty sensor. It should be noted that this also depends on
the interpretation of the operator. By making a proper WDA of the controlled system using
and AH the designer is able to identify the information necessary for operators to deal with
the complete working spectrum of the system, including unanticipated events.

Control theorists however argue that fault diagnosis should be completely automated using
these analytical models. The fear is that human factors will cause faulty sensors to be over-
looked. However, such a model will only account for familiar and anticipated events. When
an unfamiliar and unanticipated event will occur, the analytical reference model might be
inadequate to detect and diagnose sensor failure. Therefore in EID it is believed that the
human capacity in the sense of adaptability, creativity and flexibility plays a crucial role in
decision making in control problems. These cognitive capabilities activated during KBB are
crucial in the complex work domain of human-machine systems.

The current version of the hypothetical SSD tool does not include an analytical redundancy
model for detection of sensor failure. In order to integrate such a tool, a reference model of the
system should be designed that is able to accurately simulate and predict the normal system
behavior. Therefore in the experiments conducted for this research, the participants are not
aided by such redundancy tools. The subjects can only rely on the integrated information
presented on the interface.

A-3-2 Previous Research

This section discusses briefly the conclusions of several investigations towards sensor failure
in systems using interfaces designed according to the EID principles.

DURESS Il An experiment conducted using a thermal-hydraulic process simulation called
the DUal Reservoir Simulation (DURESS) III studied the effect of sensor failure between
EID and Single-Sensor Single-Indicator (SSSI) interfaces. Results showed that there was no
significant influence of increasing sensor failure on the performance and control stability of
EID operators. In fact, the performance and control stability of the participants using the
EID was not inferior to that of the SSST interface. (St-Cyr, 2006a, 2006b; St-Cyr et al., 2013)
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Pasteurizer Il Research done by Reising and Sanderson involving a micro world process
pasteurization control system called the Pasteurizer II consisted of an experiment investi-
gating the differences of an EID interface over the conventional Piping-and-Instrumentation
Diagram (PID) for minimal and maximal adequate instrumentation set-up. It showed that
the maximally adequate EID interface showed the best failure diagnosis performance over the
conventional PID. The main conclusion drawn in this research that interfaces should display
all relevant information to the operator, which becomes crucial in unanticipated events like
sensor failures (Reising & Sanderson, 2004). This is indeed in accordance with the Law of
Requisite Variety, implying that an interface should not trivialize the control problem but
instead it should reflect the complete solution space, as is the case in the SSD. This will
increase the capacity of the system to move within that problem space.

Synthetic Vision Display Finally, Borst et al. did research towards sensor failure in an
avionic application called the Synthetic Vision Display (SVD). This tool provides the pilot
with a computer generated perspective view of the surrounding terrain environment, inte-
grated into the primary flight status information visualization. The purpose of the SVD is to
give the pilot enhanced terrain awareness, which is visualized in figure A-3 (Borst, Mulder,
& Van Paassen, 2010).
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Figure A-3: Schematic drawing of the Synthetic View Display for enhanced terrain awareness

Two versions of the SVD were tested, namely the baseline version showing only lower-order
work domain elements, and the ecological SVD variant showing higher-order functional de-
tails of the complex work domain. One of the main conclusions of the experiment was that
malfunctioning flaps and engines became more obvious using the constraint-based ecological
SVD, supporting the EID principles (Borst et al., 2010). Furthermore, the ecological SVD
led to an improved pilot terrain awareness but also a higher workload. It can be deducted
from this research that it might be desirable for the operator to stay actively involved in the
control process rather than to let automation solve the control problem.
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Industry-Scale Research 1In an industry-scale research project on a petrochemical process
control, Jamieson et al. conducted an experiment on a large group of professional operators
to indicate the difference in performance between ecological interfaces and contemporary
displays. Overall operator performance of the ecological interface turned out the be far better
in terms of faster trial completion times, more accurate fault diagnoses, and more effective
control responses (Jamieson, 2003).

A study conducted by Burns et al. investigated the influence of spatial and temporal proximity
of related information objects on fault detection and diagnosis. The work domain used for
evaluation was a simulation of an industry-scale conventional coal-fired powerplant, with 402
plant variables. Results showed that spatial proximity on its own has an positive effect on
the sensor fault detection time, and in combination with temporal proximity improved the
sensor fault diagnosis. This was in accordance with the hypothesis that maximal integration
in space and time along means-end links improves operator problem solving (Burns, 2000).

In order to test the sensor fault detection and diagnosis performance between the different
levels of the AH, Ham et al. compared three displays for the control of a secondary cooling
system of a pressurized water reactor nuclear power plant. The first display only indicated
generalized function information with the physical information, the second display showed
additionally the abstract function information, and the third display also visualized the means-
ends relations between the different levels of abstraction. Results of this experiment showed
that the display with AF-level information showed increased efficiency compared to a display
showing only GF-level information, specifically in cognitive demanding situations. Adding
the explicit representation of means-ends links in the third display significantly increased
operator performance. This indicated that showing information at a higher abstraction level
and visualizing the means-ends relations results in a improved awareness of the system, which
helps the operator significantly with problem solving in unexpected situations (Ham & Yoon,
2001). One important lesson from the research of Ham et al. that is of relevance for this
experiment is that enabling an explicit representation of the means-ends relations led to
increased operator performance.

A-4 ADS-B reliability

For this experiment the SSD interface uses two sensors to construct an image of the current
traffic situation, namely the Primary Radar (PR) and ADS-B. Since the project will focus
on sensor failure, it is of importance to better understand where the information is coming
from, and what realistic errors are, which is discussed in this section.

The basis of the future surveillance system will be a system called ADS-B, which will be
supplemented by the already existing PR and Secondary Surveillance Radar (SSR). It is a
cooperative dependent surveillance technology, where aircraft avionics will broadcast informa-
tion to AT'C and other nearby aircraft, containing among others information like the latitude,
longitude, velocity, altitude, transponder code and aircraft’s call sign. This transmitted in-
formation is dependent on the aircraft navigation equipment (e.g. Global Positioning System
(GPS), Inertial Navigation System (INS), etc) and therefore the reliability of these onboard
avionics is crucial to the success of ADS-B. The system also includes a data link, enabling
ground-to-air communication like weather data and airspace status information.
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Source Availability Latency Horizontal Update rate
(FOM>4) (%] (Avg.) [s] position accu- [s]
racy [m)]
1 81.6 0.5567-1.9050 RMS: 30.8691- 1.0-9.6
14287
2 99.96 95%:2.8 RMS: 254 79.97%:1
99.65% :<10 12.50%:2
3.55%:3
3.98%:higher
3 98.91 95%: < 1.5 <926 in 95% N/A
99.9% :<3
4 89.76 N/A 33-300 N/A
5 60 N/A N/A N/A

Table A-1: ADS-B Reliability Summary

In order to construct a representational simulation, it is therefore necessary to find out what
realistic ADS-B sensor failures and inaccuracies are. Therefore it should be fully understood
how ADS-B works, what the potential threats are, what frequently occurring errors are and
how this can be integrated in the experiment. An initial reliability study already showed
significant latencies and horizontal position inaccuracies with ADS-B in practice, further
indicating the significance of this research (Torel, 2014). The reliabilities found from several
studies are summarized in table A-1 and show serious discrepancies.

Table A-1 shows the results of five recent research projects on the performance of ADS-B
systems. The research has been done in the following areas:

1. London TMA (Ali, Majumdar, Ochieng, & Schuster, 2013)

2. Several Southern European air navigation service providers (Cedrini et al., 2010)

3. Ground stations spread around Europe (Rekkas & Rees, 2008)

e EUROCONTROL Experimental Centre (EEC), Bretigny, France

Toulouse (DSNA), France

Langen (DFS), Germany
Athens (HCAA), Greece
Schiphol (LVNL), Netherlands
Walingham (NATS), UK

4. Route Chengdu to Jiuzhai, China (Zhang, Liu, & Zhu, 2011)

5. Beijing FIR region, China (ICAO, 2013)
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A-5 Conclusions

The interface design framework known as EID is used in the development of the SSD, which
aims at supporting controllers at their Conflict Detection & Resolution (CD&R) task. Previ-
ous research on sensor failure in EID show that operators are positively supported by interfaces
designed according to the EID framework that explicitly represent the constraints of the con-
trol problem in the case of failure diagnosis. Even though these research projects show some
empirical evidence in favor of EID, there is still a lot of work to be done. So far there has
not been any research in this field for the SSD ecological interface. Therefore, an extensive
research must be done and an experiment must be executed in order to prove that the EID
principles are implemented correctly and operator behavior will be conform the expectations
in the case of sensor failure diagnosis. If this turns out not to be the case, the results might
imply that crucial constraints identified by the AH are not sufficiently well represented in
the interface, and some adjustments to the tool should be recommended. The results from
the ADS-B performance studies show that ADS-B is not reliable enough as a sole means for
surveillance.
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Appendix B

SSD Sensitivity Analysis

This appendix presents the calculations performed to determine the sensitivity of the SSD.
The FBZ width angle is of most importance since it indicates the distance to the observed
aircraft, see figure B-1.

Y-axis

Figure B-1: Sensitivity analysis geometry

First, the distance between 7o, and 7 gps,., is determined using equation B-1.

d= \/(wabsact - (xcon)Q + (Yobsaer — (ycon)2 (B-1)

The location of ?Obsa 4 1s then found using equation B-2.

o, = [ 2o | = [ 7ol 52)
Yobsye, + € * si(1))

xObSadsb - y b
00Sqdsb
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Here, the error distance is indicated by €, and is set to 10NM for this analysis. From these
equations, the new distance d,,¢,, can be determined using equation B-3.

dnew = \/(:Eobsadsb - xcon)2 + (yobsadsb - yobscon)Q (B'3)

The FBZ width angle ¢ can then be calculated with equation B-4.

¢ = 2sin! (RP Z) (B-4)

dnew

Here, Rpz indicates the radius of the protected zone, which for en-route flight is considered
5NM. The results are shown in figure B-2.

@
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)
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=
3

N
3

S
8

®
8

FBZ Width Angle ¢ [deg]

Distance [NM]

Error Angle y [deg]

Figure B-2: Forbidden Beam Zone width angles for various distances and error angles

Furthermore, the FBZ radial angle 6 is determined using formula B-5.

6 _ tan_l <y0bsadsb> — S,l'n—l <y0b5act +ex SZ”(w)) (B—5)

Lobsgqsp Lobsgct + € COS(Q;[))

The results are shown in figure B-3.
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FBZ Radial Angle 6 [deg]

Distance [NM]
Error Angle  [deg]

Figure B-3: Forbidden Beam Zone radial angles for various distances and error angles
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Appendix C

Experiment Briefing

This document will give a short introduction to an experiment conducted in the Air Traffic
Management (ATM) Lab. After reading this document the participant should have a reason-
able understanding of the experiment. At the beginning of the experiment the participant
will receive a training session to familiarize with the Solution Space Diagram (SSD) tool.

Goal of the experiment

Ecological Interface Design (EID) is a design framework used in the development of the SSD,
a hypothetical Conflict Detection & Resolution (CD&R) tool for Air Traffic Control (ATC)
developed at Delft University of Technology (DUT), as is depicted in figure C-1. For this
hypothetical experiment, the SSD interface is constructed from information of both Primary
Radar (PR) and Automatic Dependent Surveillance Broadcast (ADSB) to form an image of
the traffic situation and to determine the solution space for aircraft in conflict. The aim of
this research is to evaluate the performance of the controller using the SSD.

Your participation is completely voluntary and you have the right to withdraw from the study
at any moment without explanation. The recorded data are made anonymous, and are to be
used solely for academic and project-related purposes.

Apparatus

The experiment will be conducted in the ATM Lab located on the second floor inside the

SIMONA building, room SIM 2.03. The SSD simulation will take place in the MUFASA
simulation environment. The participant can interact with the simulator using a regular
mouse and keyboard.
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Advisory agreement

Figure C-1: Impression of the Solution-Space Diagram.

Controller task

The primary controller task is to secure safe separation of aircraft by resolving emerging con-
flicts. The secondary controller task is to ensure all aircraft leave the sector at their designated
exit point (COPx). It can do so by accepting or declining advisories, and subsequently the
controller can manually command resolutions to those aircraft if necessary. It is stressed out
to the participant to carefully check the SSD for correctness before applying any resolution.

Procedure

The experiment will start with a briefing in combination with training run in which the
basic working principles of the interface will be discussed. This includes an explanation and
demonstration of the SSD, showing how geometries form and change in the interface. The
training scenarios gradually build up in complexity to the level of the actual test scenarios.
The briefing ends when the controller has indicated to have a good understanding of the
interface and the experiment, and does not need to practice with more training scenarios.

After the briefing and a short break, the participant will be engaged in 14 scenarios of about
three minutes over two rounds, where experimental conditions occur in random order. The
participant can initiate the scenario when ready. After each scenario the participant should
fill in the workload score. The participant is encouraged to verbally communicate with the
supervisor in the case of comments on the scenario.

When the experiment is finished and the data is collected, a debriefing will take place, at
which point the participant is encouraged to give comments, feedback or just share their
experiences. An overview of the experiment activities can be found in table C-1.
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Activity | Introduction Training Break Round 1 Break Round 2 Debriefing
Duration 5 min 40 min 10 min 40 min 10 min 40 min 5 min

Table C-1: Experiment Timeline.
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Appendix D

Verbal Briefing Protocol

Introduction The SSD is CD&R tool for ATC, and it uses information from both ADS-B
and PR.

The untranslated conflict zone (see information chart) shows a controlled aircraft A and an
observed aircraft B with different velocities and Protected Zone (PZ). A FBZ is defined by the
area formed by the tangent lines between the PZ and the origin of aircraft A. If the relative
velocity is in this FBZ a conflict exists and a LoS will occur in future if no actions are taken.

The translated conflict zone shows the same situation with FBZ translated by velocity vector
of the observed aircraft. Two circles indicate the minimum and maximum speed of the
controlled aircraft. Note that the tip of the bisector of the FBZ starts at the velocity vector
of the observed aircraft, and the cone faces towards that aircraft. The further away the
aircraft, the narrower the FBZ width angle.

See actual interface visualization (information chart) showing controlled aircraft and explain
all lines, circles and colors in SSD as described on chart.

Explain aircraft label and input controls according to information chart (ONLY EXPLAIN
TO MEANS-ENDS FUNCTIONALITY TO GROUP II!).

The first five training scenarios will be passive and explanatory. After that the training
scenarios will be active and the participant is engaged as an air traffic controller.

T1: Lay-out and SSD basics Explain controlled sector, its boundaries, the designated exit
points, and that only aircraft inside sector can be controlled. Explain symbols, labels (ACID,
Speed, Altitude, COPx), color codes, simulator time, score (deviation from exit, red alert
conflict) and number of runs. Explain formation of FBZ in SSD and which commands lead
to conflict between controlled and observed aircraft.

T2: Distance between aircraft FExplain how distance between controlled and observed
aircraft changes the width of the FBZ. Further away means a smaller FBZ width angle, closer
means a larger FBZ width angle, whilst the origin of the FBZ stays on the same location,
namely the tip of the bisector.
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T3: Multiple aircraft in line Explain how multiple FBZ’s can overlap when aircraft are
in line. Therefore it is not possible to distinguish the narrow FBZ of the furthest observed
aircraft from the wide FBZ of the closest observed aircraft.

(ONLY FOR GROUP II MEANS-ENDS ON: Explain that by hovering and right mouse
clicking aircraft in conflict are highlighted)

T4: Heading FExplain how changing the heading of one aircraft changes the origin of the
FBZ of the other aircraft, whilst the SSD of the aircraft with changed heading stays the same.

T5: Location Explain how changing the location of one aircraft changes the orientation of
the FBZ of both aircraft, whilst the origin of the FBZ stays the same.

T6: Advisory FExplain that advisory is given by orange line indicating both heading and
velocity. The participant has 30 seconds to respond, otherwise it will automatically be im-
plemented. Before responding, the participant has to indicate an agreement rating to enable
activation.

T7: Manual command After agreeing, declining or expiring an advisory, the participant can
manually give a alternative command by clicking (heading), scrolling (velocity) and pressing
enter (confirm).

Controller task The primary controller task is to secure safe separation of aircraft. The
secondary controller task is to ensure all aircraft leave the sector at their designated exit
point (COPx). This can be done by accepting or declining advisories, and subsequently
the controller can manually command resolutions to those aircraft. It is emphasized to the
participant to carefully check the SSD for correctness before applying any resolution. As
mentioned before, the SSD uses information from PR and ADS-B. In the case of doubt, the
participant should use his best judgment and act accordingly within the options available.

T8-T11: Resolve conflicts Participant must use all current knowledge to solve conflicts,
but they also have to try to let the aircraft leave at the desired COPx. Emphasize that
they must always check the SSD of the aircraft in conflict for correctness before applying a
command.

Questions and extra training Ask if participant feels acquainted with the interface. Ask if
anything is unclear. Ask if the participant wants more training scenarios. When actual test
scenarios start, the experiment conductor can not communicate with the participant anymore.
Encourage the participant to verbally communicate its interpretation of the scenario and its
reasoning of activities throughout all scenarios of the experiment.
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Appendix E

Experiment Information Chart

INFORMATION CHART
VISUALIZATION
GREEN CIRCLES: MIN/MAX SPEED
WHITE LINE CURRENT SPEED/HEADING
PURPLE CIRCLE: SELECTED SPEED

THIN PURPLE LINE: SELECTED SPEED/HEADING

THICK PURPLE LINE: EXIT POINT (COPX)

il , Bl GREY TRIANGLE: FORBIDDEN BEAM ZONE
ORANGE AREA: FORBIDDEN BEAM ZONE
RED AREA: FORBIDDEN BEAM ZONE
GREY SQUARE: AIRCRAFT LABEL
AIRCRAFT LABEL

SG3047 AIRCRAFT CALL SIGN

2 g D 2 U l:l FLIGHT LEVEL (FL) CURRENT SPEED

P E LO EXIT POINT (COPX)

INPUT CONTROLS
LEFT MOUSE CLICK A/C SSD INSPECTION
CTRL + LEFT MOUSE CLICK MOVE OVER SCREEN
CTRL + SCROLL WHEEL ZOOM IN/OUT
SCROLL WHEEL IN CONTROLLED A/C CHANGE DESIRED SPEED
ENTERED IN CONTROLLED A/C APPROVE SPEED/HEADING COMMAND
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INFORMATION CHART

SSD FORMATION

Vg _— AL
Y/, Yoo -~ Protected
B Zone

RA4743
100200
RIVET

S5G3047
100200
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y \M}‘
Q I
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TRANSLATED CONFLICT ZONE
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Appendix F

Experiment Setup

This appendix presents the design of the experiment, showing the order in which the of the
measurement runs were executed. Three independent variables were tested, namely means-
ends relations off (group I) and on (group II), complexity low (L) and high (H), and sensor
failure absent (N) and present (Y), resulting in four basic scenarios (A:LxN, B:LxY, HxN,
and HxY'). T'wo repetitions of each scenario were taken, where the scenarios would be rotated
180 degrees to prevent recognition of the scenarios. Between the repetitions, a coffee break
of approximately 15 minutes was held to refresh the participants attention. Furthermore,
there was some difference in experience in ATC within the pool of participants. They were
therefore spread out evenly over group I (means-ends disabled) and group II (means-ends
enabled). Dummy runs were incorporated in random order between the actual measurement
runs to prevent further recognition of scenarios and traffic geometries.
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Appendix G

Additional Experiment Results and
Statistics

This appendix presents additional plots obtained from the experiment.

Additional Experiment Results

Figure G-1 shows additional experimental data. Figure G-la shows the cumulative number
of incorrect accepted advisories, and as can be seen the total number is for both cases lower
if the means-ends relations are enabled. A Kruskal-Wallis test showed that this difference in
distributions is insignificant. Furthermore, it can be seen that a higher complexity seems to
result in a higher number of incorrect accepted advisories. This is confirmed by a Friedman
test (x2(1) = 4.455,p = 0.035).

Figure G-1b shows the cumulative number of incorrect rejected advisories. It can be seen
that the total number lies much lower than for the incorrect accepted advisories, indicating a
relatively high automation acceptance in incorrect situations, and a lower automation rejec-
tion behavior in correct situations. No trend can be seen from the figures, which is confirmed
by statistical tests.

The number of manual heading commands are recorded and the cumulative numbers are
plotted in Figure G-1c. There seem to be a trend between sensor failure presence, however
there is no indication for effects of group or complexity. This initial analysis by looking
at Figure G-1c is confirmed by statistical tests. No significance is found between groups,
but a Friedman test (x?(3) = 23.180,p < 0.001) followed by a Wilcoxon Signed Ranks test
show pairwise differences in distributions for scenarios A-B (Z=-2.989, P=0.003), A-D (Z =
—3.191, P = 0.001), B-C (Z = —2.847, P = 0.004), C-D (Z = —3.265, P = 0.001), indicating
that heading commands are significantly more frequently used in the presence of a failure.

The number of manual speed commands are recorded and the cumulative numbers are plotted
in Figure G-1d. Statistical tests indicate that there are no significant different distributions.

Ecological Interface Design: Sensor Failures in Air Traffic Control Decision-Making V.A. Bijsterbosch



46 Additional Experiment Results and Statistics

The number of manual combined speed and heading commands are recorded and the cu-
mulative numbers are plotted in Figure G-le. Again, there seems to be a small trend for
sensor failure presence, where a presence leads to a higher number of manual combined com-
mands. A Kruskal-Wallis test shows that only for scenario C:HxN there is a significant
difference between groups (x?(1) = 5.067,p = 0.024) on the number of combined commands
given. A Friedman test (x2(3) = 29.940, p < 0.001) followed by a Wilcoxon pairwise compar-
ison shows differences between the following scenarios: A-B (Z = —3.525, P < 0.001), A-D
(Z = —3.421, P = 0.001), B-C (Z = —2.935, P = 0.003), C-D (Z = —2.794, P = 0.005). This
clearly indicates that in the presence of a sensor failure, more combined manual commands
are given.

The cumulative number of intrusions is plotted in Figure G-1f. It can be seen that overall the
group with the means-ends relations had fewer intrusions, however the distributions were not
significantly different. Also no effect of complexity on the number of intrusions was found.

Furthermore, Figures G-2, G-3 and G-4 show the Q-Q plots for the agreement rating, workload
and response time, respectively. These are used to check if the samples can be considered
normally distributed, which was the case for these three dependent measures. It should be
noted that the sample size per group of eight is relatively small, therefore not every slight
deviation from the linear curve are directly an indication of non-normality. A larger sample
size would smooth this out. Even though some plots are slightly skewed (Figures G-2f, G-
4b and G-4f), overall they can be considered to be approximately normally distributed and
qualified for an ANOVA test.
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Figure G-1: Additional experiment data.
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Normalized Agreement Ratings Q-Q Normality Plots

Normal Q-Q Plot of A: LxN Normal Q-Q Plot of A: LxN

for GROUP= Means-ends off for GROUP= Means-ends on
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Figure G-2: Normalized agreement ratings Q-Q normality plot.
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Normal Q-Q Plot of D: HxY
for GROUP= Means-ends off

Normal Q-Q Plot of D: HxY
for GROUP= Means-ends on
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Figure G-2: (Cont.) Normalized agreement ratings Q-Q normality plot.
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Normalized Workload Q-Q Normality Plots

Normal Q-Q Plot of A: LxN Normal Q-Q Plot of A: LxN
for GROUP= Means-ends off for GROUP= Means-ends on
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Figure G-3: Normalized workload Q-Q normality plot.
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Normal Q-Q Plot of D: HxY Normal Q-Q Plot of D: HxY

for GROUP= Means-ends off for GROUP= Means-ends on
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Figure G-3: (Cont.) Normalized workload Q-Q normality plot.
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Advisory Response Time Q-Q Normality Plots

Normal Q-Q Plot of A: LxN Normal Q-Q Plot of A: LxN

for GROUP= Means-ends off for GROUP= Means-ends on
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Figure G-4: Advisory response time Q-Q normality plot.
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Normal Q-Q Plot of D: HxY
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Figure G-4: (Cont.) Advisory response time Q-Q normality plot.
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