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Abstract The management of uncertainty is a critical
aspect of current as well as future air traffic control oper-
ations. This study investigated: (1) sources of uncertainty
in enroute air traffic control, (2) strategies that air traffic
controllers adopt to cope with uncertainty, (3) the trade-
offs and contingencies that influences the adoption of these
uncertainties, and (4) the requirements for system design
that support controllers in following these strategies. The
data were collected using a field study in two enroute air
traffic control centres, involving “over the shoulder”
observation sessions, discussions with air traffic con-
trollers, and document analysis. Three types of uncertainty
coping strategies were identified: reducing uncertainty,
acknowledging uncertainty, and increasing uncertainty.
The RAWES heuristic (Lipshitz and Strauss in Organ
Behav Hum Decis Process 69:149-163, 1997) and antici-
patory thinking (Klein et al. in Anticipatory thinking,
Proceedings of the eighth international NDM conference,
Pacific Grove, CA, 2007) were used to identify reduction
and acknowledgement strategies. Recent suggestions by
Grote (Saf Sci 71:71-79, 2015) were used to further
explore strategies that increase uncertainty. The study
presents a new framework for the classification of uncer-
tainties in enroute air traffic control and identified the
uncertainty management strategies and underlying tactics,
in context of contingencies and trade-offs between opera-
tional goals. The results showed that controllers, in addi-
tion to reducing and acknowledging uncertainty, may
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deliberately increase uncertainty in order to increase flex-
ibility for other actors in the system to meet their opera-
tional goals. The study describes new tactics for
acknowledging and increasing uncertainty. The findings
were summarized in the air traffic controller complexity
and uncertainty management model. Additionally, the
results bring to light system design recommendations that
allow controllers to follow these different coping strategies,
including (1) the design of alerts, (2) the transparency of
prediction tools, and (3) system flexibility as a requirement
for acknowledging and increasing uncertainty. The results
are particularly important as uncertainty is likely to
increase in future operations of enroute air traffic control,
requiring automation support for controllers. Implications
for future air traffic management scenarios as envisioned
within the SESAR Joint Undertaking (SESAR JU in
European ATM Master Plan, 2 eds, 2012) and NextGen
(FAA in FAA’s NextGen implementation plan, 2014)
operational concepts are discussed.

Keywords Uncertainty management - Coping with
uncertainty - Air traffic control - Adaptive strategies -
System design - Naturalistic decision-making

1 Introduction

Air traffic management is a highly regulated industry,
which aims at minimizing uncertainties (c.f. Grote
2004, 2009) through airspace design, standardized proce-
dures (e.g. communication phraseology, standard routings),
and coordination agreements between Air Navigation Ser-
vice Providers, in order to manage risks and increase the
predictability of operations. However, these efforts do not
eliminate uncertainty from air traffic control operations.
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Rather, uncertainty is considered a fundamental feature of
air traffic control operations, as the predictability of the
traffic is highly dependent on operational disturbances such
as environmental conditions, and data required for decision-
making may be incomplete, unreliable, ambiguous, or be
subject to change at a later stage (Averty et al. 2008).
Uncertainty may therefore negatively affect the controller’s
ability make optimal decisions and to plan future actions.
Uncertainty can thus be defined as a “sense of doubt that
blocks or delays action” (Lipshitz and Strauss 1997,
p- 150). For example, winds and aircraft’ engine parameter
settings may cause variability of aircraft performance,
which, in turn, may cause unreliable traffic conflict pre-
dictions (e.g. Averty et al. 2008; Cummings and Tsonis
2006). Uncertainty therefore may generate challenges to
develop effective traffic solutions to solve a traffic conflict.
Furthermore, thunderstorms and turbulence may create
uncertainty concerning the availability of airspace (flight
levels and traffic routes) and pilots’ preferred trajectory
through the sector, affecting controller’s ability to develop
strategic traffic plans. Therefore, the management of
uncertainty is an important aspect of controllers’ task work
strategies (Malakis et al. 2010).

According to the RAWFS heuristic, which stands for Re-
duction, Assumption-based reasoning, Weighing pros and
cons, Forestalling, and Suppression, decision-makers cope
with uncertainty by adopting two types of coping mecha-
nisms: reducing uncertainty and acknowledging uncertainty
(Lipshitz and Strauss 1997). While reduction strategies aim to
decrease uncertainty, by searching for additional information
or engaging in assumption-based reasoning, acknowledge-
ment strategies include approaches that accept uncertainty by
taking it into account rather than reducing it (Lipshitz and
Strauss 1997), for example, by weighing the pros and cons
between options, adapting plans, and developing backup
plans. The acknowledgement of uncertainty may take place
when uncertainty cannot be (further) reduced or when this is
too costly in terms of available resources or time (Lipshitz and
Strauss 1997). Several recent studies have shown that the
RAWES heuristic is also successful in explaining how deci-
sion-makers cope with uncertainties in team context, such as
firefighting teams (Lipshitz et al. 2007) and hostage-negoti-
ating police teams (Van den Heuvel et al. 2014).

In addition to the RAWFS heuristic, several other
naturalistic decision-making theories have shed light on
how decision-makers create an understanding of the sit-
uation during highly complex, dynamic, and uncertain
conditions. Anticipatory thinking (Klein et al. 2007),
based on sensemaking (Weick 1995), describes various
uncertainty-reduction strategies that support decision-
makers to build an understanding of their operational
environment through selective attention and detection of
warning signals, enabling the anticipation of threats in the
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environment (Klein et al. 2006a, 2007). A related theory
is the data/frame theory of sensemaking (Klein et al.
2006b), which describes how decision-makers establish a
mental picture of the situation by constructing and elab-
orating a “frame”, and by questioning and “reframing” a
frame when new information is inconsistent with the
existing frame (Klein et al. 2006b). Although the data/
frame theory primarily describes how decision-makers
reduce uncertainty, the model has some overlap with
acknowledging uncertainty, as it not only explains how
decision-makers detect frames, but also how they respond
by adapting frames, thus having some commonality with
other decision-making and planning models (Malakis and
Kontogiannis 2013). The data/frame theory of sensemak-
ing shows similarities with the common frame of refer-
ence framework (Hoc and Carlier 2002), which illustrates
the cognitive processes that support the sharing of tasks
between human controllers in Air Traffic Control.

Even though uncertainty is inherent to air traffic control
operations (Averty et al. 2008), surprisingly few studies
have investigated uncertainty management in air traffic
control operations. Two recent studies (Kontogiannis
and Malakis 2013; Malakis and Kontogiannis 2014) have
illustrated how air traffic controllers (Tower Control)
reduce uncertainty through (shared) sensemaking using the
data/frame theory (Klein et al. 2006b). Furthermore,
Malakis et al. (2010) have successfully illustrated how
enroute air traffic controllers reduce and acknowledge
uncertainty using the R/M Model (Cohen et al. 1996).
However, various questions have remained unanswered.
First, there is no comprehensive overview or classification
of the various sources of uncertainty that may impact con-
trollers. Such a classification is important as different
sources of uncertainty may have different impacts on
operations, and may require different uncertainty manage-
ment strategies by air traffic controllers. Second, although
recent studies have provided a good amount of insight into
how controllers reduce uncertainty, less is known about the
variety of strategies that controllers adopt to acknowledge
uncertainty. In particular in complex systems with high
demands for flexibility to manage operational disturbances,
acknowledging uncertainty is preferred above reducing
uncertainty, as increasing predictability may not be feasible
or preferred. More recently, researchers have additionally
argued that, in some situations, uncertainty may actually be
preferred, as it allows flexibility and generates options to
manage risks, suggesting that decision-makers may also
adopt strategies that increase uncertainty (Grote 2015).
However, whether controllers similarly adopt such strate-
gies, and when the adoption of such strategies is preferred,
has remained, up to now, unexplored.

Uncertainty management strategies may also reduce the
complexity of the (traffic) situation. Coping with
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uncertainty therefore cannot be studied without taking into
account the interplay between traffic complexity and
uncertainty. Traffic complexity refers to the level of diffi-
culty in managing the traffic, generated by flight charac-
teristics of individual aircraft and interactions between
pairs of aircraft, such as traffic conflicts (Djokic et al.
2010). Adapting traffic plans as a response to uncertainty
(e.g. adverse weather) often involve changes to the tra-
jectory of an aircraft, thus automatically reducing the
complexity of the traffic at the same time. This means that
although developing traffic solutions may be a direct
response to uncertainty, these strategies also reduce com-
plexity because the traffic situation is altered. Similarly,
traffic plans can be used primarily with the aim of reducing
complexity (e.g. resolving traffic conflicts regardless of the
level of uncertainty involved in the conflict) but will, of
course, indirectly also acknowledge and subsequently
reduce uncertainty because uncertainty related to the
probability of a possible future traffic conflict is removed.
We will therefore focus on distinguishing between strate-
gies that are aimed at managing uncertainty, complexity, or
both. Third, although much is known about the trade-offs
related to managing traffic complexity (e.g. Kirwan and
Flynn 2002; Kontogiannis and Malakis 2013), previous
studies have not provided much insight into how contin-
gency factors, such as operational constraints and trade-
offs between operational goals, may determine the
favourability of uncertainty coping strategies. Finally, as
little is known about the requirements for automation that
support controllers in managing uncertainty, we aim to
identify the requirements for system design and automated
functions (e.g. radar display, information systems, and
controller support tools) that provide optimal support to
controllers in reducing, acknowledging, and increasing
uncertainty. Understanding the system requirements that
support controllers in managing uncertainty is particularly
important, as uncertainty, for example, generated by
adverse weather, generates additional workload for con-
trollers (Neal et al. 2014). A better understanding how the
operational system can support controllers in managing
uncertainty may therefore also benefit efficiency and safety
of operations. Therefore, we aim to advance the under-
standing of how controllers manage uncertainty in enroute
air traffic control by answering the following questions:

1. What are the sources of uncertainties in air traffic
control, and what are the action requirements they
generate for air traffic controllers?

2.  What are the tactics and underlying strategies used by
air traffic controllers when deciding to reduce,
acknowledge, or increase uncertainty and how are
they distinguished from strategies aimed at resolving
(traffic) complexity?

3.  What operational constraints and trade-offs influence
the adoption of these strategies?

4. What are the requirements for system design to support
controllers in following different strategies for uncer-
tainty management?

This paper is structured as follows: first, we provide a
theoretical background discussing theories and frameworks
of uncertainty management strategies. Second, we provide
an overview of the action requirements, generated by dif-
ferent sources of uncertainty in enroute air traffic control.
Third, we identify the strategies that controllers adopt to
reduce, acknowledge, or increase uncertainty, based on the
theories and frameworks as discussed. Fourth, we discuss
the contingency factors that influence controller preferences
with respect to these coping strategies. Fifth, we discuss the
results with respect to automation requirements, which
support controllers in managing uncertainty based on the
identified strategies. Finally, we discuss the implications of
our study for future air traffic management operations as
envisioned in the SESAR Joint Undertaking (SESAR JU
2012) and NextGen (FAA 2014) operational concept.

2 Theoretical background

This section reviews existing literature that discusses the
classification of uncertainty, uncertainty management
strategies, and how automation may support operators with
effectively managing uncertainty.

2.1 Sources of uncertainty

Uncertainty can be classified into three different types
(Lipshitz and Strauss 1997). First of all, uncertainty may
originate from a lack of information (Lipshitz and Strauss
1997), i.e. information is missing, partially missing, or
unreliable. Information may be unreliable because the
source (either a system, or human operator) cannot be
relied upon, or because the data required for decision-
making (e.g. used by automated systems such as conflict
detection tools) lack precision (Hansson 1996). Second,
according to Lipshitz and Strauss (1997), uncertainty may
also emanate from an inadequate understanding (i.e.
inability to understand or comprehend information due to
ambiguity, equivocality, or novelty). Third, uncertainty
may also stem from the inability to make a decision due to
undifferentiated alternatives, meaning that decision-mak-
ers cannot differentiate alternatives because predicted
outcomes are equally (un)preferable (Lipshitz and Strauss
1997), despite the availability of information and the
ability to understand the information. Furthermore, Lip-
shitz and Strauss (1997) argue that uncertainty can be
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classified in terms of its source (i.e. what is causing
uncertainty) and the issue arising from uncertainty (i.e.
what the decision-maker is uncertain about). From this
point onwards, we will refer to issue as action requirement.
The distinction between sources of uncertainty and action
requirement is important, as one sources of uncertainty
may generate more than one issue for decision-makers,
thus requiring different management strategies and differ-
ent demands on the automation.

2.2 Uncertainty management strategies

Various theories and frameworks exist that describe how
decision-makers manage uncertainty. According to the
RAWES heuristic (Lipshitz and Strauss 1997), decision-
makers reduce uncertainty through “reduction” and “as-
sumption-based reasoning”. Tactics within “reduction”
include, but are not limited to searching for additional
information (e.g. asking for advice or opinions) or relying
on (in)formal rules (e.g. procedures, shared working
methods). “Assumption-based reasoning” includes tactics
that explain how decision-makers “fill the gaps of missing
knowledge”, by using assumptions to reduce uncertainty;
that is, how they create understanding when information is
missing by using their expertise and previous experience.

Another strategy, proposed by Klein et al. (2007), an-
ticipatory thinking, explains how decision-makers reduce
uncertainty through sensemaking, by selecting attention and
detecting possible threats or problems during recognition-
primed decision-making tasks. Anticipatory thinking relies
on mental simulation as a cognitive process and allows
decision-makers to detect problems in planned or antici-
pated responses, a process that is essential for planning and
replanning (Klein et al. 2007). Anticipatory thinking sup-
ports vigilance and prevents fixating. Three different types
of anticipatory thinking are pattern recognition, trajectory
tracking, and convergence. Pattern recognition refers to
how decision-makers detect patterns and how they compare
these patterns with stored patterns in order to detect abnor-
malities and deviations as cues for intervention (Klein et al.
2007). Trajectory tracking refers to extrapolating situations
to future states and actively comparing observed future
states and required future states in order to identify pro-
active responses (Klein et al. 2007). Trajectory tracking is
similar to task monitoring. According to Osman (2010), task
monitoring reduces uncertainty by testing predictions about
the future state and using the feedback to update a decision-
maker’s understanding about the environment. Convergence
refers to the cognitive process of creating connections
between events in order to understand how these events
interrelate (Klein et al. 2007).

Two main strategies for acknowledging uncertainty are
identified in the RAWES heuristic: “weighing pros and cons”
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and “forestalling”. Weighing pros and cons is a strategy that
controllers adopt when comparing or choosing between
competing options, whereas forestalling involves strategies
that aim to improve readiness (e.g. buffering resources or
creating backup or contingency plans) in order to prepare for
adverse outcomes and to avoid irreversible action (Lipshitz
and Strauss 1997). Contingency plans have been recognized
as an important element of responding to evolving uncertainty
in air traffic control operations (Malakis et al. 2010). Addi-
tionally, Kontogiannis (2010) acknowledged adaptive plan-
ning as an important strategy in the context of uncertainty.
Adaptive planning is different from forestalling as it focusses
on changing plans that are in progress (and thus already have
been implemented), whereas forestalling refers to the devel-
opment of new plans in order to improve readiness in case of
unexpected outcomes.

Grote (2015) suggests that increasing uncertainty may
also be a viable option, as the increase of uncertainty can
add adaptive capacity and increase flexibility, for instance,
by avoiding premature convergence in decision-making, as
a strategy to reduce risk. Increasing uncertainty may hap-
pen, for instance, by deliberately introducing doubts or new
options in decision-making or by adopting “flexible rules”
that allow degrees of freedom, which initially raise rather
than reduce uncertainty for the decision-maker. Increasing
uncertainty may be particularly successful in high-reliabil-
ity organizations (Weick 1995), including air traffic man-
agement, where flexibility needs to be maintained in order
to successfully manage expected, as well as unexpected
disturbances in operations. The ability to increase uncer-
tainty is an important strategy in order to ensure resilience
of operations, in particular when flexibility is preferred due
to interdependencies of tactical plans and complexity of
operations (Grote 2015). Taking up this proposal, we were
interested to see whether controllers employ strategies to
increase uncertainty and, if so, under what conditions.

2.3 Automation requirements

Air traffic control be regarded as a complex human-ma-
chine system, or “joint cognitive system” (Hollnagel and
Woods 1983), consisting of human agents and automation,
that are designed to allow human-machine cooperation
(HMC; Hoc 1996). The automation in air traffic control
consists of various automated functions and is presented to
the controller on the human—machine interfaces (HMI) of
the controller’s working position. The automated functions
include controller support tools, and other functions, that
aid controllers with various cognitive and collaborative
tasks, such as coordination and traffic conflict detection,
prediction, and analysis.

To date, most research has focused on how uncertainty
negatively influences the reliability of automation, raising
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various issues with respect to trust and vigilance of
decision-makers, such as controllers (e.g. Parasuraman
and Manzey 2010; Parasuraman and Wickens 2008). Too
high reliability, on the other hand, can be a threat to
anticipatory thinking as it may increase the risk on fixa-
tion (De Keyser and Woods 1990) and reduce vigilance,
also referred to as complacency (Parasuraman and Man-
zey 2010; Parasuraman and Wickens 2008) due to pas-
sivity induced by automation (Klein et al. 2007). Other
authors have argued that automation may also have lim-
itations with respect to conflict-resolution support due to
the inability of automation to take into account the nat-
uralistic decision-making models, including human trade-
offs and the subjective evaluation of possible outcomes
(Cummings and Tsonis 2006; Parasuraman and Wickens
2008), which may become particularly relevant during
conditions of uncertainty. Researchers have also stressed
the challenges of current automation to integrate uncer-
tainty into algorithmic models of controller conflict
detection tools (c.f. Knorr and Walter 2011), resulting in
discussions on how to display predictions generated by
unreliable predictions from algorithmic conflict detection
and analysis tools. In an attempt to solve this issue,
Nicholls (2001) discussed various ways of graphically
presenting and visualizing uncertainty on radar displays
for air traffic control operations. We took these discus-
sions as a starting point and investigated how automation
can support controllers’ coping strategies, and how
uncertain information is graphically presented and
visualized.

Fig. 1 Controller working
position with radar executive
and radar planner

3 Methods

We chose an ethnographic approach by conducting a field
study in two enroute area control centres (ACC). Field
studies in naturalistic or real settings are the recommended
approach for studying (macro) cognitive functions (such as
decision-maker strategies) in complex socio-technical
systems and high-risk teams, as these functions are often
highly dependent on various environmental factors,
including dynamic task demands and contingencies, which
can only be captured in real operational settings (Hutchins
1995; Xiao 2005). Field studies are therefore considered
the recommended approach for studying uncertainty (Klein
et al. 2003; Lipshitz et al. 2001) and have been used to
study a wide range of cognitive and collaborative processes
in ATC operations (c.f. Mackay 1999; Sharples et al. 2007;
Soraji et al. 2012).

3.1 The setting

In enroute air traffic control (Enroute ATC), airspace is
divided into airspace blocks, referred to as airspace
sectors, which are defined by a geographical boundary
and a lowest and highest flight level. They are managed
by a team of two air traffic controllers: a radar executive
and a radar planner, sitting behind separate radar screen,
which is part of their controller working position
(Fig. 1). The main goal of the air traffic control team is
to provide safe and efficient air navigation service to
aircraft within their sector by optimizing traffic flows
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Fig. 2 Electronic coordination tool

and maintaining separation between aircraft (1000 feet
vertically due to reduced separation minima and five
nautical miles horizontally), according to the standards
mandated by the International Civil Aviation Organiza-
tion (ICAO 2007).

The radar executive and the radar planner are respon-
sible for different tasks within the team. The radar execu-
tive is in charge of identifying aircraft and giving
clearances (e.g. flight level or route instructions) to the
aircraft, as well as detecting, identifying, and solving
possible traffic conflicts within the sector in a tactical
timeframe, which we refer to as tactical traffic solutions.
The radar planner is responsible for solving possible future
traffic conflicts in a strategic timeframe with neighbouring
sectors, before the aircraft enter the sector, which we refer
to as strategic traffic solutions, by coordinating tactical
traffic solutions with neighbouring sectors. Although the
radar planner and the radar executive have different
responsibilities, they share high levels of task interdepen-
dency: the radar planner needs to be continuously ahead of

the needs and preferences of the radar executive. In addi-
tion, the radar planner provides support to the radar exec-
utive in tactical conflict management and monitoring
whenever backup support is required, thereby improving
the workload balance within the team.

At the time of observation, both ACCs were equipped
with different levels of automation. In the ZRH ACC,
controllers were supported with planning and measuring
tools only. In the GVA ACC, however, controllers were
supported with various controller support tools to facilitate
their work, including electronic coordination (Fig. 2),
medium-term conflict detection (MTCD) tools (Figs. 3, 4,
5), analysis support tools (Figs. 6, 7), and monitoring aids
(Fig. 8), in addition to planning and measuring tools. The
differences between the two ACCs in terms of availability
of controller support tools are shown in Table 1. A full
overview and description of the controller support tools are
presented in “Appendix”.

3.2 The procedure

The data were collected in two enroute area control centres
(ACC’s) during two field studies. Field study 1 was con-
ducted at the Zurich Area Control Center (ZRH ACC) in
lower and upper airspace sectors, covering altitudes
between 11,000 and 66,000 feet (FL110-660). Field study 2
was conducted at the upper enroute sectors of the Geneva
Area Control Center (GVA ACC), covering altitudes
between 25,000 and 66,000 feet (FL250-660). Before data
collection, a documentation study, including the study of
procedure and user manuals, was conducted in order to
gain an understanding of the overall system, the human—
machine interface, as well as operational rules and
procedures.

Fig. 3 Exit Conditions Assistance Tool (ECAT; simulated)
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Fig. 4 Horizontal Scanning Tool (HST; simulated)

Fig. 5 Dynamic Scanning Tool
(DST; simulated)

EZY24CN F27
DLHISH ¢+ 280 4.8 01'49

Caution conflict
verify clearance

I Valid | Cancel

The methods used within this field study included: e Discussions with system engineers during various
(informal) meetings.

e Document analysis (study of operational procedures,
simulation studies, and evaluation reports of opera-
tional concepts).

e “Over the shoulder” observations of air traffic con-
trollers, supported by detailed field notes;

e Discussions with controllers during breaks and after
shifts;

@ Springer
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Fig. 6 Crossing Tool (simulated)

3.3 Data collection and analysis

The observations were conducted by the first author of this
study. Air traffic controllers were observed for a total
duration of 80 h in field study 1 and for a duration of 50 h
in field study 2. In total, more than 86 different controllers
were observed. Both radar executive and radar planner
positions were observed. All controllers were experienced
controllers with a valid endorsement. Age and experience
were not recorded to respect the anonymity of the con-
trollers. During the “over the shoulder” observations, field
notes were collected based on observations and elaborated
with comments made by the controllers and the discussions
during and after the shifts. Drawings and sketches recorded
specific traffic situations. The observations focused on
understanding the sources of uncertainty and the cognitive
and collaborative strategies controller adopted to manage
uncertainty. Cognitive strategies were identified by
observing the interactions with the human—machine inter-
face (HMI), whereas collaborative strategies, shared
between controllers and/or pilots, could be identified by
observing “silent” coordination through the HMI as well as
overhearing voice communication. Furthermore, discus-
sions with controllers and system engineers gained us a
further understanding how the automated system, including
controller support tools, supported the controllers in
managing complexity and/or uncertainty.

@ Springer

After data collection, the notes were digitalized and
analysed by the first author. Drawings of traffic situa-
tions were photographed and added to the digital notes.
Subsequently, the notes were analysed by collecting all
the statements and observations reflecting the sources of
uncertainty, which were then later grouped according to
the action requirements (issues) they generated for con-
trollers. We then continued by identifying all the
uncertainty management strategies in the data and allo-
cated them according to the three main strategies of
uncertainty management. Finally, we created an overview
of all the automated functions and controller support
tools and analysed how and when controllers used them
and how they supported uncertainty management
strategies.

4 Results

The results are reported in four different sections: (1)
sources of uncertainties, grouped by the action require-
ments, (2) the strategies and underlying tactics that con-
trollers adopted in response to these uncertainties, (3) the
operational constraints that influenced the adoption of
these strategies, and (4) how the automated system sup-
ported the controllers in adopting strategies to manage
uncertainty.
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Fig. 7 Click and Hold Tool (simulated)

Fig. 8 Cleared Adherence Monitoring Tool (simulated)

4.1 Sources of uncertainty

From the analysis, four categories of uncertainty emerged:
(1) system information uncertainty; (2) procedural uncer-
tainty; (3) traffic situation uncertainty; and (4) trajectory
uncertainty (see Table 2).

The results showed that all the action requirements (is-
sues) that controllers needed to manage as a result of
uncertainty could be classified in four different categories

of uncertainty. First, system information uncertainty per-
tains to situations in which information regarding the status
or integrity of elements in the operational system, includ-
ing airspace sectors, airspace users, and automation
(services), may be missing, ambiguous, incomplete, con-
flicting, or unreliable. The second category of uncertainty
refers to procedural uncertainty, which exists when there is
doubt amongst the controllers concerning the procedural
course of action. The third category of uncertainty refers to
the traffic situation, as a result of the predictability of a
traffic conflict (i.e. anticipated minimum separation and
time until minimum separation) or the ability of an aircraft
to reach its agreed entry or exit conditions. Finally, con-
trollers also experienced uncertainty concerning an air-
craft’s preferred trajectory through the sector. The results,
as presented in Table 2, showed that a single action
requirement (e.g. uncertainty about a potential traffic
conflict in the sector) may be caused by various sources of
uncertainty (e.g. aircraft performance variability as a result
of engine parameter settings or winds). The results also
show that a single source of uncertainty can generate dif-
ferent action requirements for the controllers. For example,
wind may generate uncertainty about possible future con-
flicts in the sector as well as deviations from trajectories.
Furthermore, the results showed that each action require-
ment was linked to different fypes of uncertainty, i.e.
lacking information (e.g. aircraft trajectory through the
sector, as a result of missing flight plan data), inadequate
understanding (e.g. ambiguous aircraft intentions, as a
result of thunderstorms), or undifferentiated alternatives
(e.g. optimal intervention strategy, as a result of the non-
conformance of an aircraft).

4.2 Uncertainty management strategies

This section discusses the uncertainty management strate-
gies that were identified. The strategies include cognitive
as well as collaborative strategies.

4.2.1 Reducing uncertainty

The reduction strategies and underlying tactics are descri-
bed and summarized in Table 3.

4.2.1.1 Collecting information ~An important strategy of
controllers to reduce uncertainty is to collect (additional)
information; therefore, controllers often consulted and
compared different information systems. When informa-
tion systems provided conflicting or missing system
information, controllers would call other sectors or the
military to obtain more accurate or up-to-date information.
This strategy was most often observed when information
uncertainty was present. Often, while controllers were
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Table 1 Controller support tools in Zurich ACC and Geneva ACC

Controller support tools at Zurich ACC (ZRH)

Controller support tools at Geneva ACC (GVA)

Phone coordination for coordination with other
sectors, within and outside ZRH ACC

Conflict detection not supported by automation

Conflict analysis not supported by automation

Phone coordination for coordination with other sectors outside GVA ACC

Electronic coordination tools (E-coordination, Fig. 2), which support the exchange of
coordination proposals between the upper sectors of GVA ACC controllers with
coordination of transfer conditions for an aircraft, such as specific flight level, routing,
heading, or speed

Medium-term conflict detection tools (MTCD), which support controllers with the
detection and analysis of exit conflicts (exit conditions assistance tool, ECAT, Fig. 3),
horizontal crossings (horizontal scanning tool, HST, Fig. 4), and the validation of an
entered clearance (dynamic scanning tool, DST, Fig. 5)

Analysis support tools, which support controllers with the analysis of a crossing of two
aircraft on the same flight level (crossing tool, Fig. 6) and analysis of available flight

levels (click and hold tool, Fig. 7)

Planning and measuring tools (speed vectors,
planning tool, and measuring tool)

Monitoring tasks not supported by automation

Planning and measuring tools (speed vectors, planning tool, and measuring tool).

Monitoring tools, which support controllers in detecting aircraft deviations, including a

lateral deviation (route adherence monitoring function, RAM) or a vertical deviation
(cleared level adherence monitoring, CLAM, Fig. 8)

searching for additional information, they were simulta-
neously generating possible traffic solutions, which sug-
gests that the reduction and acknowledgement of
uncertainty within teams may take place in parallel. For
example, controllers deferred traffic plans requiring mili-
tary airspace until conflicting information related to the
availability of airspace was resolved, while at the same
time developing traffic plans that avoided the use of mili-
tary airspace in case a direct routing using military airspace
was not possible.

4.2.1.2 Informal rules of conduct Another important
reduction strategy observed for controllers was to rely on
(in)formal rules of conduct. We found that this strategy
seemed to be particularly associated with procedural
uncertainty: controllers preferred to do what is “common
sense” or “do what is safe” in cases where: (1) the
applicable procedure was unknown, or (2) the applicable
procedure was known, but the situation would not allow the
applicable procedure to be followed due to deviation from
procedures arising from other actors in the system. For
example, during one session, controllers identified that the
military occupied more airspace than usual for military
exercises. Instead of directly reducing uncertainty by
searching for procedural information, the radar executive
preferred to reduce uncertainty by relying on informal rules
of conduct by doing “what is safe”, immediately followed
by acknowledging uncertainty by adapting traffic plans to
safely separate the traffic.

4.2.1.3 Anticipatory thinking We could also identify

anticipatory thinking strategies during conditions of
uncertainty: controllers continuously employed
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anticipatory thinking strategies, in particular when faced
with uncertainty related to the traffic situation (e.g. traffic
conflicts) and the future (preferred) trajectory of an air-
craft through the sector. Controllers used pattern detection,
by using visual cues to infer a need for intervention by
comparing observed patterns with stored patterns. For
example, controllers detected an aircraft deviating from
routing by comparing the observed situation with his/her
expectations (i.e. the controller’s stored patterns about the
planned route as well as anticipated deviations based on
how winds impact aircraft deviations from routings). Tra-
Jjectory tracking, which refers to monitoring the progress of
one or more aircraft through the sector, was typically
observed in case of a traffic conflict or anticipated non-
conformance of exit or entry conditions. For example,
controllers estimated the minimum separation and the time
until the minimum separation would be reached by ex-
trapolating the speed vectors of the aircraft in order to
visualize the future position of the aircraft, as well as the
expected altitude of the aircraft. Finally, convergence was
frequently observed when the preferred trajectory of an
aircraft through the sector was uncertain as a result of
adverse weather conditions such as thunderstorms. For
example, in order to identify the location and magnitude of
the adverse weather conditions, controllers gained an
understanding of the usable airspace in their sector, by
converging information from auxiliary screens with
weather information, weather visualization on the radar
display, aircraft deviations and requests for deviations, and
information obtained from pilots. Controllers then used the
obtained information in order to establish an understanding
concerning the usability of routings and flight levels.
Convergence allowed controllers to detect inconsistencies
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Table 2 Action requirements and example sources of uncertainty

Categories of uncertainty

Action requirement (issue)

Example source

Type of uncertainty

System information

uncertainty (status and

integrity of the
operational system)

Procedural uncertainty

Traffic situation uncertainty

Trajectory uncertainty

Aircraft trajectory

Pilot or controller’s (shared) awareness
about a clearance.

Aircraft position

Aircraft altitude
Availability of civilian airspace
Availability of military airspace

Capacity of neighbouring sectors

Procedural course of action and response
strategy

Traffic conflict (anticipated minimum
separation and time until minimum
separation is reached) and optimal traffic
solution

Aircraft adherence to negotiated entry and
exit agreements and optimal traffic
solution

Aircraft intentions (preferred future
trajectory) and response strategy

Non-conformance of aircraft (deviations of
trajectory) and intervention strategy

System failures, resulting in missing flight
plan details (estimates)

Verbal exchanges between controllers and
pilots

Radar failure (loss of signal of primary or
secondary radar)

Transponder failure
Turbulence, thunderstorms

Conflicted information provided by the
system

System limitations, e.g. limits of radar
coverage

Unanticipated deviation of procedures by
others

Applicable procedure unknown

Aircraft performance variability as a result
of aircraft characteristics, engine
parameter settings, and preferred flight
profiles

Aircraft performance variability as a result
of winds

Adverse weather (e.g. thunderstorms)

Aircraft performance variability as a result
of aircraft characteristics, engine
parameter settings, and preferred flight
profiles

Aircraft performance variability as a result
of winds

Adverse weather (e.g. thunderstorms)
Military aircraft in military airspace

Unknown intentions of neighbouring
sectors

Aircraft (IFR, VFR) that are not in contact
Turbulence, thunderstorms
Special flight or emergency flight

Adverse weather (e.g. turbulence,
thunderstorms, winds)

Pilot or controller error as a result of verbal
exchanges between controllers and pilots
(e.g. undetected incorrect read back)

Pilot of controller error (e.g. incorrect
system entry)

Lack of (reliable)
information

Inadequate
understanding and
undifferentiated
alternatives

Lack of (reliable)
information and
undifferentiated
alternatives

Lack of (reliable)
information and
undifferentiated
alternatives

Inadequate
understanding and
undifferentiated
alternatives

Inadequate
understanding and
undifferentiated
alternatives

in the data in order to question the established mental

4.2.2.1 Weighing pros and cons

Uncertainty particularly

picture about the location of the weather and the most
optimal traffic solution.

4.2.2 Acknowledging uncertainty

The acknowledgement strategies and underlying tactics are
described and summarized in Table 4.

influenced a controller’s traffic plans when it was related to
the traffic situation (e.g. a possible loss of separation
between two or more aircraft, or the (in)ability of an air-
craft to make it’s agreed exit conditions). In such cases,
controllers would weigh pros and cons by deciding: (1)
whether or not to intervene; (2) when to intervene, whether
to implement the solution in a strategic or in a tactical
timeframe, and (3) what traffic solution to implement
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Table 3 Uncertainty coping strategies: reducing uncertainty

Coping
strategy

References

Tactic within strategy

Description of tactic

Reduction of

uncertainty Strauss
(1997) Relying on informal rules of
conduct
Anticipatory  Klein et al. Pattern recognition
thinking (2007)

Lipshitz and

Collecting information

Controllers collect information by consulting information systems, calling
neighbouring (military) sectors, or contacting aircraft on the frequency

Controllers shift to using informal rules of conduct by doing what is safe, and
what makes sense

Controllers engage in selective attention and identify need for intervention by
detecting deviations from expected patterns, based on stored patterns

(knowledge), using cues in the operational environment

Trajectory tracking
(including mental
simulation)

Convergence

Controllers extrapolate the future traffic situation using mental simulation
supported by controller support tools and assumption-based reasoning

Controllers combines information from various sources in order to create an

understanding of the availability of routes and flight levels in the sector

within the strategic or tactical timeframe. Traffic solutions
in a strategic timeframe (involving aircraft not yet in the
sector) often included proposals for clearances to the pre-
vious sector, including flight level or routing in coordina-
tion with the subsequent sectors. Traffic solutions in a
tactical timeframe (involving aircraft already in the sector),
proposed by the radar planner, often concerned fine-tuned
solutions, such as (phased) flight level instructions, or
changes in heading or speed, which were then communi-
cated to the radar executive, in order to be implemented in
the tactical timeframe. Similarly, the radar executive would
also weigh pro’s and cons when choosing between traffic

Table 4 Uncertainty coping strategies: acknowledging uncertainty

solutions within the tactical timeframe, for example by
instructing aircraft to change flight level, heading or speed,
or rate of climb/descent. Controllers decided between
solutions by making trade-offs between the various oper-
ational goals. The importance of trade-offs when weighing
pro’s and cons between traffic solutions, either between the
strategic and tactical timeframe, or within the same time-
frame, is presented in Sect. 4.3.

4.2.2.2 Adaptable plans 1In our study, we observed that
controllers often adapted existing traffic plans in response
to uncertainty. These traffic plan adaptations were

Coping strategy  References Tactic within strategy

Description of tactic

Weighing strategic versus
tactical traffic solutions

Weighing pros
and cons

Lipshitz and Strauss
(1997)

Weighing traffic solutions

within strategic or tactical

timeframe

Adaptable plans Kontogiannis (2010),

Hollnagel and Woods

Adaptive planning

(2005)
Forestalling Lipshitz and Strauss Contingency or backup plan
(improving (1997)
readiness)

Kontogiannis (2010),
Hollnagel and Woods
(2005)

Kontogiannis (2010),
Hollnagel and Woods
(2005)

Creating buffer zones in

Increasing safety margins
(plan coupling)

Maximizing operational
control

traffic flows (plan coupling)

The radar planner decides between implementing a strategic traffic
solution or tactical traffic solution, to be implemented by the
radar executive in the tactical timeframe

The radar planner or radar executive chooses between different
traffic solutions within the strategic and/or tactical timeframe

Controllers dynamically decide on the usability of the airspace and
adapt plans using alternative routing and location of holdings
depending on operational conditions (e.g. the location of the
adverse thunderstorms)

Controllers develop specific backup plans in case the original plan
fails. Backup plans may be shared implicitly or explicitly within
the team as well as between sector teams

Controllers maintain extra spacing between aircraft within traffic
flows in order to accommodate possible future deviations from
aircraft performance due to winds

Controllers increase the safety margins (or minimum separation
distance) between two aircraft as a precaution in case they are
unsure about the behaviour of an aircraft

Controllers prefer to maximize operational control by being in
contact with an aircraft in case a traffic situation may result in a
potential loss of separation
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primarily a response to cope with uncertainty, rather than a
direct response to traffic complexity (e.g. traffic conflicts)
or traffic flow efficiency. Adaptable strategic traffic plans
provided controllers with the flexibility to deal with
unpredictable sources of uncertainty that could have
impacted the traffic flows. For example, the radar execu-
tive, under conditions of uncertainty, sometimes pre-
ferred a phased implementation of an aircraft’s trajectory
through the sector, in order to generate flexibility in terms
of options. Adaptable planning was particularly observed
in the case of adverse weather conditions such as thun-
derstorms. For example, the radar planner, in coordination
with the approach sector, dynamically adjusted the location
of holding circles and arrival flows depending on the
location of the adverse weather (e.g. thunderstorms).

4.2.2.3 Forestalling Controllers also engaged in fore-
stalling in order to prepare for possible adverse outcomes
of uncertainty by (1) creating contingency or backup plans,
(2) creating buffer zones in traffic flows, (3) increasing
safety margins, and (4) maximizing operational control.

4.2.2.4 Contingency or backup plans We observed that
controllers, when faced with high levels of uncertainty,
explicitly shared contingency or backup plans. In particu-
lar, backup plans were explicitly shared within the sector
team when the likelihood of implementing the backup plan
was high. When a backup plan involved other sector teams,
the radar planner would proactively share or coordinate this
plan with other sectors, which then included information
about the task distribution between the sectors. For
example, a controller communicated to a neighbouring
sector the following backup plan: “That flight level is ok, if
he doesn’t make it send it on a heading and I will advise
Military”. It should be noted that even if backup plans
were not explicitly shared, it does not mean that they did
not exist. As more than one controller stated: “There is
always a backup plan”.

4.2.2.5 Creating buffers zones in traffic flows (plan cou-
pling) In certain cases, controllers preferred to create
buffer zones in traffic flows, a strategy aimed at decoupling
or reducing interdependencies of traffic plans, when
aligning traffic for approach, such as when increasing the
separation between aircraft within traffic flows. Controllers
applied this tactic particularly when aircraft performance
was difficult to predict, for example, in case of strong
winds. The additional buffer zones between aircraft within
flows allowed the controllers to maintain their original
traffic plans and normal operations while being able to
maintain safe separation between aircraft, as well as to
accept any major changes in operational setting as a result

of environmental conditions, for example, a change in
runway operations.

4.2.2.6 Increasing tactical safety margins (plan cou-
pling) An alternative way for controllers to create buffers
by reducing interdependencies via decoupling was to
increase tactical safety margins beyond the minimum
separation distance. Controllers seemed to prefer this tactic
when the behaviour of a particular aircraft could not be
fully anticipated, such as if its trajectory through the sector
was unknown or possible deviations from an intended
trajectory could not be predicted. For example, a controller
mentioned that in case there was a crossing involving an
aircraft flying under visual flight rules (“VFR flights”),
controllers would increase the separation (beyond the
minimum separation) between an aircraft and a VFR flight,
to “be on the safe side”, when getting into contact with
VFR flight would be too costly with respect to time and
coordination requirements.

4.2.2.7 Maximizing operational control Controllers pre-
ferred to maximize operational control by requesting an
aircraft on their frequency, by keeping an aircraft on their
frequency, or by deliberately delaying handoff at the
sector boundary. Controllers used this tactic when there
was uncertainty about the intentions or behaviour of
another aircraft that was not under their control. For
example, during one of the observation sessions, there
was uncertainty concerning the trajectory of an aircraft,
which could possibly have generated a future traffic
conflict. Although the traffic situation had already been
resolved with the neighbouring centre, the actual imple-
mentation of the traffic solution was, for reasons unknown
to the controllers, delayed by the neighbouring centre.
The controllers responded to this situation by not handing
off their aircraft to the subsequent sector at the sector
boundary in order to remain in control of the situation.
The controllers stated afterwards: “We preferred to keep
our aircraft on our frequency until we were sure that
separation could be assured, as we were just not sure what
he [the aircraft under control of the neighboring center]
was going to do”.

4.2.3 Increasing uncertainty

The strategies related to increasing uncertainty and
underlying tactics are described and summarized in
Table 5.

4.2.3.1 Increasing uncertainty through creating flexibil-

ity In addition to strategies aiming to reduce or
acknowledge uncertainty, we also identified a new strategy:
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Table 5 Uncertainty coping strategies: increasing uncertainty

Coping strategy References Tactic within Description of tactic
strategy
Increasing uncertainty by increasing Grote Aircraft release Controllers delegate the control of an aircraft to the next

operational degrees of freedom through (2015)
delegation of control within specific
boundaries

Pilot discretion

subsequent sector (under certain restrictions), by sending the
aircraft to the frequency of the subsequent sector before it has
reached the boundary of their sector (i.e. area of
responsibility)

Controllers may give pilots operational degrees of freedom by
granting pilots the opportunity to execute the instruction at
their discretion (i.e. leaving the timing of the execution and
climb/descent rate up to the pilot)

Clearing aircraft on  Controllers give pilots operational degrees of freedom aircraft

a heading

to fly on a heading to avoid thunderstorms and to intercept
their original trajectory again when possible

flexibility through delegation of control within specific
boundaries. On some occasions, controllers preferred to
increase uncertainty as a means of increasing the flexibility
of operations for neighbouring sectors or pilots, in order to
obtain their goals and objectives. In such cases, controllers
defined specific boundaries or conditions within which they
accepted uncertainty. The three tactics we identified as part
of this strategy are aircraft release and pilot discretion and
clearing aircraft on a heading.

4.2.3.2 Releasing an aircraft A tactic within this strategy
refers to the delegation of control by releasing an aircraft to
the next sector well before the aircraft reaches the sector
boundary, by sending the aircraft to the frequency of the
subsequent sector. This means that the aircraft, while still
in the previous sector, is under control of the next sector. In
most cases, restrictions apply to the release, for example,
by releasing an aircraft for descent or turn only. A release
allows the subsequent sector to initiate descent/ascent or
turn before the aircraft reaches the sector boundary,
allowing more manoeuvring space and time for conflict
resolution or traffic optimization, and thus extra operational
degrees of freedom to obtain their operational goals.
However, a release increases uncertainty for controllers in
the current sector, as the aircraft in their sector is not under
their direct command and the trajectory of the aircraft will
be dependent on the plans of the subsequent sector. A
sector will therefore only release an aircraft under condi-
tions in order to ensure that it does not generate traffic
conflicts. The delegation of authority and control regarding
the command of the aircraft did not change the responsi-
bility distribution between controllers: the delegating sec-
tor remained responsible for the released aircraft, which
was enabled by the controller’s ability to regain control
quickly by having the aircraft transferred back on the fre-
quency in order to resume authority, at any time.
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4.2.3.3 Pilot discretion We observed that controllers
increased the operational degrees of freedom for pilots by
granting them the opportunity to execute the instruction at
their discretion, leaving the decision latitude to the pilot
concerning the timing of the implementation as well as the
speed and rate of climb/descent. With pilot discretion,
controllers leave the timing of the implementation up to the
pilot, as long as the aircraft reaches its flight level at the
waypoint as instructed. This created flexibility for the pilot
to adhere to their operational goals (e.g. avoiding weather
or increasing comfort in case of turbulence).

4.2.3.4 Clearing an aircraft on a heading Under some
conditions, controllers increased operational degrees of
freedom for pilots by allowing them to fly on a heading.
The longer the aircraft flies on a heading, the higher the
level of uncertainty. In contrary to other clearances,
clearing an aircraft on a heading does not close the coor-
dination loop, as the aircraft is not cleared to a specific
waypoint, which generates high variability with respect to
the actual trajectory flown until the pilot resumes the ini-
tially planned trajectory. This strategy increased uncer-
tainty for controllers significantly, as it generated reduced
predictability related to the aircraft’s future position, its
trajectory through the sector, as well as reduced pre-
dictability regarding potential conflicts with other aircraft.
This tactic was particularly used when pilots needed to
deviate from the trajectory to avoid thunderstorms.

4.3 Contingencies relevant for choosing uncertainty
management strategies

In this section, we describe three contingencies that influ-
enced the adoption of uncertainty management strategies:
(1) the timeframe of operations, (2) trade-offs between
operational goals, and (3) operational constraints.
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4.3.1 Strategic versus tactical phase

We identified that controllers used different complexity
and uncertainty management strategies, depending on the
timeframe (Table 6). Furthermore, we also found that
complexity and uncertainty management strategies exe-
cuted in the strategic phase also had an impact on the level
of complexity and/or uncertainty in the tactical phase. The
following strategies were identified:

e Strategies directed to reduce complexity in the strategic
or tactical phase (e.g. by implementing traffic solu-
tions), which may also indirectly acknowledge uncer-
tainty in the tactical and strategic phase;

e Strategies directed to acknowledge complexity in the
strategic or tactical phase (e.g. by moderating/buffering
the cognitive demands or workload required to manag-
ing complexity);

e Strategies directed to reduce or acknowledge uncer-
tainty in the strategic or tactical phase, which may also
indirectly reduce the complexity of the traffic (e.g.
adaptable traffic plans, increase of safety margins);

e Strategies directed to increase uncertainty in the
tactical timeframe for the purposes of increasing
operational flexibility (e.g. release of an aircraft to the
next sector before the sector boundary).

4.3.2 Trade-offs between operational goals

The results showed that controller’s priorities between
different operational goals, and the trade-offs between
operational goals, further influenced the adoption of com-
plexity and uncertainty management strategies. We iden-
tified four operational goals:

Risk/safety Associated risks, including safety, related to
the solutions in the strategic or tactical

timeframe
Efficiency/service The efficiency of the solution (fuel burn, miles
flown) and the preferred level of service
(Future)
Workload/capacity

The (future) workload required for the
implementation of the traffic solution in

relation to available capacity
Flexibility/stability =~ The required level of flexibility versus

stability for other actors in the system

We observed that these operational goals had a strong
influence on whether controllers preferred to implement a
strategic or tactical solution. Controllers preferred tactical
solutions to strategic solutions when:

e There were sufficient viable options or simple solutions
within the tactical timeframe (risk/safety);

e The most optimal solution would be more apparent in
the tactical timeframe, when a traffic conflict would
resolve itself in the tactical timeframe, or when the
radar planner was uncertain about the preference of the
radar executive or the pilot (efficiency);

e The radar executive would have sufficient capacity to
deal with the tactical conflict (workload/capacity);

e Flexibility (e.g. possibility to adapt a plan in tactical
timeframe) was preferred over stability/predictability
(flexibility vs. stability);

The trade-off of flexibility versus stability seemed to be
particularly relevant when deciding between a strategic
versus a tactical solution when managing uncertainty.
Strategic solutions generate stability (by increasing the
predictability of the trajectory); however, implementing a
strategic solution (e.g. expediting traffic through direct
routings) could also cause disruption of the arrival
sequence, thereby reducing the efficiency of operations.
Thus, in this situation, stability is a trade-off with effi-
ciency. Similarly, tactical solutions generate flexibility due
to the possibility of adapting the traffic plan in the tactical
timeframe. However, tactical traffic plans generate higher
levels of workload for the radar executive in the tactical
phase. Thus, in this situation, flexibility is a trade-off with
workload.

The four operational goals also functioned as trade-
offs when choosing strategies within the strategic or
tactical timeframe. For example, in the case of a release,
the benefits in terms of increased operational freedom
(flexibility) would be traded off when the costs related to
the release (e.g. possible risk/safety impacts) and the
workload related to coordinating such a release (work-
load/capacity) would be too high.

4.3.3 Operational constraints

Additionally, we focused on the operational constraints
that could influence the adoption of uncertainty coping
strategies. The results indicate three relevant contingency
factors: predictability of uncertainty, urgency of response,
and available resources.

The first operational constraint that influenced the
adoption of strategies was the predictability of the source
of uncertainty. For example, thunderstorms are relatively
predictable for controllers, whereas turbulence is not, thus
requiring different strategies. Adaptable planning was
particularly successful in case of thunderstorms, as the
location and future development of thunderstorms could
be anticipated, whereas turbulence generally required
higher levels of convergence before adaptable plans could
be developed. The second operational constraint identified
involved time pressure, that is, the urgency of the
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Table 6 Complexity and uncertainty management strategies

Strategy Timeframe

Tactics within strategy

Complexity management

Reducing complexity Strategic timeframe
which may indirectly
acknowledge
uncertainty

Tactical timeframe

Acknowledging Strategic and tactical
complexity timeframe

Uncertainty management

Reducing uncertainty Strategic and tactical
timeframe
Acknowledging Strategic and tactical
uncertainty which may timeframe
indirectly reduce
complexity

Tactical timeframe

Increasing uncertainty Strategic and tactical
timeframe

Tactical timeframe

Strategic traffic plans

Acknowledge complexity by solving possible traffic conflicts in a strategic
timeframe:

Coordinate new flight level outside sector

Coordinate different exit conditions (exit flight level or exit waypoint)
Coordinate direct routing

Tactical traffic plans

Acknowledge complexity by solving possible traffic conflicts in a tactical
timeframe:

Separate aircraft vertically (minimum of 1000ft separation)

Separate aircraft horizontally (minimum of 5 nm), then descent through each
other’s level

Separate aircraft using heading, speed, or send aircraft on diverging tracks
Use of mental abstractions

Grouping traffic into traffic flows, conflict pairs, aircraft on the same flight level
Identification of critical points (waypoints, conflict points)

Assignment of aircraft into “in conflict” or “not in conflict”

Optimization of work process

Leaving measuring and planning tools active to support monitoring functions
Suppressing irrelevant information

Optimizing layout (location of windows, avoid cluttering of information on
radar display, such as aircraft label information)

Workload management

Reducing workload for repetitive functions to free up cognitive capacity for
complexity

Reducing
Searching for additional information
(In)formal rules of conduct
Anticipatory thinking
Assumption-based reasoning
Weighing pros and cons
Weighing pros and cons when choosing between traffic solutions:
Weighing strategic versus tactical traffic solutions using trade-ofts
Weighing options within strategic or tactical timeframe using trade-offs
Adaptive planning
Forestalling
Creating buffer zones in traffic flows (plan coupling)
Increasing safety margins
Contingency or backup plans (plan coupling)
Forestalling
Maximize operational control

Increasing operational degrees of freedom through delegation of control within
specific boundaries

Aircraft release

Increasing operational degrees of freedom through delegation of control within
specific boundaries

Pilot discretion

Clearing aircraft on a heading
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response. Time pressure limited the possibilities for
controllers to engage in uncertainty coping strategies that
were more time-consuming, shifting the preference
towards adopting strategies that facilitated a quick
response to the situation. For example, in the case of
procedural uncertainty, controllers preferred to rely on
informal rules of conduct by doing “what is safe”, rather
than trying to ensure that the correct procedure was fol-
lowed (the urgency is high). The third operational con-
straint was the availability of capacity and resources. For
example, controllers only released an aircraft when the
required airspace for the release was available (e.g. no
interfering traffic), that is, when they had sufficient
resources in terms of airspace and time for intervention to
release an aircraft safely.

4.4 Automation support for uncertainty
management

Additionally, we focused on how automation supported
controllers with managing uncertainty. The results showed
that the automated system, including controller support
tools and various HMI functions, supported controllers in
reducing, acknowledging, and increasing uncertainty. An
overview of automation requirements supporting com-
plexity management and uncertainty management strate-
gies is provided in Table 7.

First, the system supported controllers in reducing
uncertainty by providing reliable, real-time information
about the traffic, as well as the reliability and integrity of
the overall system. The system also supported the
reduction of uncertainty, by supporting the awareness
concerning the intentions and actions of a controller’s
team member, through the “closing the loop” function.
This function displayed all executed clearances on both
displays by highlighting the clearance in the aircraft label
until it was “clicked” by the other controller as confir-
mation of their awareness. The system also supported
anticipatory thinking, by supporting controllers with de-
tecting patterns, by facilitating the detection of abnor-
malities or deviations such as traffic conflicts (through
conflict detection tools) and deviations from the cleared
trajectory (through monitoring tools). The system also
supported controllers with trajectory tracking, by sup-
porting the mental simulation of the future trajectory
through planning tools and extrapolated speed vectors.
Second, the system supported controllers also in ac-
knowledging uncertainty, by enabling the development
and implementation of adaptable traffic plans that ensure
high levels of flexibility through the dynamic use of air-
space. For example, controllers were able to dedicate any
waypoint as holding waypoint when the standard holding

waypoints would not be available due to thunderstorms.
Third, the system supported controllers by increasing
uncertainty through enabling delegation of control (e.g.
release), in order to increase the flexibility of other actors
in the system, while respecting a balance between
autonomy and control. For example, the delegating con-
troller was able to set restrictions to the sector requesting
the release, as well as have the availability to regain
control quickly if needed.

We were also interested in how automation in air traffic
control dealt with the existing challenges of automation
incorporating uncertainty into conflict prediction tools. Our
findings revealed that the conflict detection tools did not
integrate uncertainty originating from factors such as
winds, into conflict prediction algorithms. Instead, conflict
prediction was based on human algorithms. Traffic conflict
analysis therefore mainly relies on manual trajectory
tracking through mental simulation as well as experience
when integrating the impact of environmental conditions.
Finally, it was observed that the visualization of uncer-
tainty in terms of degrees of probabilities was not pre-
ferred, as this would increase display clutter. An exception
was the presentation of the weather radar, as overlay on the
traffic picture, which could be activated by the controller
when needed.

5 Discussion

In this section the results are discussed in context of
existing literature and summarized in the air traffic con-
troller complexity and uncertainty management model.

5.1 Action requirements and sources of uncertainty

This study was the first study to provide a detailed over-
view of the sources of uncertainty, grouped by the action
requirements that they generated for controllers in air
traffic control. In line with Lipshitz and Strauss (1997), we
separated uncertainties in terms of their issue (which we
referred to as action requirement), their source, and the
type of uncertainty and showed that all types of uncertainty
(cf. Lipshitz and Strauss 1997) could be identified. We
believe that the presented overview (see Table 1) is useful
for future research in air traffic control, as to date, action
requirements, sources, and types of uncertainty have often
been used interchangeably to refer to uncertainty in air
traffic control operations. This overview may facilitate the
understanding of uncertainty, which, in turn, may support
discussions on uncertainty in current as well as future air
traffic management operations as envisioned within
SESAR and NextGen.
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Table 7 Automation support for uncertainty management strategies

Uncertainty management strategy

Examples of automation supporting uncertainty management strategies

Collecting information

Anticipatory thinking

Weighing pros and cons

Adaptive plans

Forestalling

Delegation of control within
specific boundaries

Display of reliable and accurate information where needed
The system provides real-time and accurate data

The system allows a shared understanding regarding the clearances through the “closed the loop”
function of the Electronic coordination tool

The system allows insight into relevant sector characteristics on demand through the visualization of
sector characteristics (e.g. routings, country boundaries, waypoints)

The system supports visualization of limitations and constraints of neighbouring sectors, including the
availability of airspace, current capacity/workload of neighbouring sectors (keyboard shortcuts that show
traffic above or below own sector)

Pattern recognition

The system supports timely detection of missing, conflicting or unreliable information through (visual)
system notifications (highlighted text) or alerts (e.g. in case of radar failure)

The system allows the visualization of routings and waypoints on the radar map, supporting the detection
of abnormalities and deviations from routings by aircraft from these routings and waypoints

The system supports detection of traffic flows and the comparison to expected/stored patterns (e.g. history
dots in aircraft tracks, speed vectors, and arrow symbols in aircraft label to indicate vertical evolution)

The system supports visualization of traffic on each flight level in the sector (“Click and hold” tool) and
traffic to the same exit points (ECAT window)

Conflict detection tools (HST, ECAT and DST) support the detection of traffic in conflict versus not in
conflict, by highlighting traffic conflicts

Monitoring tools (CLAM and RAM function) support the timely identification of aircraft deviations
(lateral or vertical) by highlighted text in the flight label

Trajectory tracking

Aircraft labels reduce fixating by supporting controllers with tracking aircraft progress by presenting
continuous data about aircraft behaviour and performance

Speed vectors and extrapolated speed vectors support mental simulation of the future trajectory

Conlflict detection tools (HST, ECAT and DST) support vigilance by following human algorithms,
supporting controllers in critiquing and validating conflict predictions

Conflict detection tools (HST and DST) supports mental simulation of anticipated conflicts by
extrapolating trajectories of conflicting aircraft, visualizing the conflict configuration, and presenting
real-time information about time until minimum separation and minimum distance

Measuring tools support detection of possible discrepancies between planned and actual state (e.g. by
supporting the assessment of separation distance between aircraft at a future crossing point)

Convergence

The HMI supports convergence of data, for example, through optional visualization of weather (weather
radar image) on top of the traffic picture

Weighing pros and cons

The HMI supports the visualization of sector characteristics of neighbouring sectors (traffic situation,
traffic complexity, availability of flight levels)

The HMI supports insight into operational goals of other sectors and pilots (e.g. workload of other sectors,
aircraft delays)

Developing adaptive plans
Planning tools support the simulation and probing of possible alternative trajectories (e.g. headings)

E-coordination allows exchange of strategic and tactical traffic solutions (proposals and requests)
independently between sectors

Overall system and procedures support the implementation of adaptive plans (e.g. ability to change flight
plans, routings and location of holding patterns)

Maximizing operational control

Procedures allows controllers to remain in control if deemed necessary, for example, by keeping aircraft
on frequency

Delegation of control within specific boundaries

System allows delegation of control to other sectors, supported with clear delegation procedures (aircraft
release) and balance between autonomy/control mechanisms
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5.2 Strategies for managing uncertainty

Our results confirm that the uncertainty-reduction strategies
as described by the RAWFS heuristic (Lipshitz and Strauss
1997) and anticipatory thinking (Klein et al. 2007), can be
identified as air traffic controller strategies in enroute air
traffic control. Anticipatory thinking has long been recog-
nized in air traffic control as an important strategy during
perception and decision-making tasks. For example, various
previous studies have argued that separation assessment
heavily relies on visual mental cues and the processing of
patterns (e.g. Averty et al. 2008; Nunes and Mogford 2003;
Xu and Rantanen 2003), supported by mental abstractions
to reduce traffic complexity, by grouping traffic into traffic
flows, groups of interacting aircraft, critical points (e.g.
Histon et al. 2002), and assignment of aircraft into “in
conflict” or “not in conflict” (e.g. Kirwan and Flynn 2002;
Niessen and Eyferth 2001; Rantanen and Nunes 2005).
Similarly, earlier work has stressed the importance of
mental extrapolation for conflict detection and separation
(Averty et al. 2008; Boag et al. 2006; Xu and Rantanen
2003). Finally, our findings partially replicate earlier find-
ings of Malakis and Kontogiannis (2013) and Malakis and
Kontogiannis (2014), who illustrated how air traffic con-
trollers reduce uncertainty through sensemaking, which
aims at understanding and anticipating situations in uncer-
tain situations. This finding is not surprising, as anticipatory
thinking reflects different types of strategies that support
sensemaking (Malakis and Kontogiannis 2014; Klein et al.
2006b).

Less was known about the strategies that controllers
adopt to acknowledge uncertainty. Our findings have
illustrated that controllers use a wide variety of uncertainty
acknowledgement strategies, including adaptive planning
(c.f. Kontogiannis 2010; Hollnagel and Woods 2005).
Although adaptable planning has been acknowledged as an
important adaptive strategy in response to uncertainty
(Kontogiannis 2010), previous studies have not presented
specific examples for air traffic control. In contrast,
replanning, which refers to the implementation of new
plans after an original plan has failed (Kontogiannis 2010),
was rarely observed in our study. A possible explanation
for this is that replanning in a tactical timeframe may
increase time pressure and decreased options in the tactical
timeframe (e.g. Kontogiannis 2010), negatively impacting
operational goals by increasing workload and reducing the
flexibility to manage traffic situations, in particular when
operational constraints are already unfavourable. This may
explain why, in our study, controllers preferred to
develop adaptable plans, which could provide alternative
options while a plan was being executed, without requiring
replanning. Furthermore, we also identified that loose-
coupled plans (c.f. Kontogiannis 2010; Hollnagel and

Woods 2005) are an important strategy to manage uncer-
tainty. However, this strategy has up to now mainly been
discussed in context of error detection (Kontogiannis and
Malakis 2009) and has not previously been identified as an
uncertainty coping mechanism. Finally, we could identify
the uncertainty acknowledgement strategies, as identified
by Lipshitz and Strauss (1997), including weighing pros
and cons and forestalling. One tactic, maximizing opera-
tional control, can be considered as a new tactic of
forestalling.

In addition to uncertainty-reduction and acknowledge-
ment strategies, our study provides support for recent
arguments by Grote (2015), who stated that decision-
makers under specific conditions may sometimes prefer to
increase uncertainty, rather than to reduce or to acknowl-
edge it. Our study identified a new strategy (increasing
operational degrees of freedom through delegation of
control) with three underlying tactics (aircraft release,
pilot discretion, and clearing on a heading) belonging to
this strategy. Increasing uncertainty has, to date, not been
identified as a coping strategy in air traffic control. Dele-
gation of control within specific boundaries is an example
of task delegation, which refers to situations where an actor
gives the authority to another actor to perform a task
(Straussberger et al. 2008).

5.3 Contingencies relevant for choosing uncertainty
management strategies

Within the context of traffic complexity, the trade-off
factors long considered the most important are risk/safety,
efficiency, and workload (e.g. Hilburn 2004; Kirwan and
Flynn 2002; Loft et al. 2007; Malakis et al. 2010). In
particular, these trade-offs have been discussed in the
context of explaining how controllers choose between
strategic and tactical traffic solutions (e.g. Athenes et al.
2002; Kontogiannis and Malakis 2013; Loft et al. 2007).
Athenes et al. (2002) refer to this trade-off as the late/
accurate/costly versus early/imprecise/economical control
actions. Our study contributed to these earlier findings by
placing these trade-offs within the context of uncertainty,
by suggesting that these trade-offs similarly apply for
uncertainty coping strategies as well as complexity coping
strategies. Finally, in addition to these three trade-off fac-
tors, we identified a fourth trade-off, loss/gain of flexibility/
stability, which can be traded for or against other outcomes
(risk/safety, efficiency, workload).

Our research identified three sources of operational
constraints that influence the adoption of uncertainty cop-
ing strategies: the predictability of uncertainty, the urgency
of the response, and the availability of resources. Lipshitz
and Strauss (1997) similarly argued that decision-makers
tend to use acknowledgement strategies when reduction
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strategies are either too costly or not feasible. However, our
results indicate that these contingencies do not only influ-
ence a shift from reduction to acknowledgement strategies,
but also influence the choice between different types of
reduction and acknowledgement strategies. In addition, the
results indicated that controllers initiated various uncer-
tainty management strategies in parallel, enabled by
dynamic task distribution within the team. This suggests
that the management of uncertainty through dynamic task
distribution requires that controllers have a sufficient and
shared understanding the demands and corresponding
responses as well as each other’s mutual capacity to engage
in such responses.

5.4 Summary

The air traffic controller complexity and uncertainty man-
agement model, based on the findings presented in the
previous sections, is illustrated in Fig. 9.

As illustrated in the model, controllers adopt com-
plexity and uncertainty management strategies depending
on the trade-offs of operational goals (Risk/Safety,

Efficiency, Workload and Flexibility vs. Stability), sup-
ported by automation and within the context of contin-
gencies occurring in the operational environment.
Furthermore, the level of complexity and uncertainty
occurring in the strategic and tactical phase are differ-
entiated as separate operational states. Complexity
impacting operations in the tactical phase originates from
the complexity that is (deliberately) not resolved in a
strategic timeframe and the complexity that originates
from (un)expected disturbances in the tactical timeframe.
Similarly, uncertainty impacting operations in the tactical
phase is the uncertainty that is occurring in the tactical
phase as well as any residual uncertainty impacting
tactical operations that was not or could not be managed
in the strategic phase. Finally, the model acknowledges
that complexity and uncertainty do not occur indepen-
dently in operations. Complexity management strategies
executed in the strategic phase may have impact on the
level of complexity as well as uncertainty in the tactical
phase, and vice versa, as the level complexity and
uncertainty can be affected by a single strategy or
intervention at the same time.

Automation
requirements

HMI design
Controller support tools

reducing

s

Complexity in
strategic phase

Uncertainty in
strategic phase

Operational
constraints

Urgency of response
Predictability of situation
Capacity and resources

Complexity management

strategies
Cognitive and collaborative strategies
through human-machine interaction and
mutual control through coordination and
negotiation

acknowledging

acknowledging

reducing

Operational
state

acknowledging B . g
esire

operational goals
and state

Complexity in
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isk, Efficiency, Workload,
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acknowledging

ﬁju
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ncertalnty management
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through human-machine interaction and
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Fig. 9 Air traffic controller complexity and uncertainty management model
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6 Implications

In this section, we discuss the implications of our study as
well as the limitation of study in two different sections
(a) implications for training and (b) implications for
automation design, for current operations as well as future
concepts of ATC operations.

6.1 Implications for training

The findings have important implications for ATC training.
A better understanding of uncertainties in enroute air traffic
control and the management of these uncertainties may
particularly benefit trainings for novice controllers, during
initial training, as well as for licensed controllers, during
Team Resource Management (TRM) trainings. Explicit
focus on the management of uncertainty in these trainings,
for example, by discussing effective responses in context of
operational constraints and goals, may improve a team’s
mental model regarding effective strategies in the context
of these operational constraints and goals, which, in turn,
may even further support the efficiency of operations
through the reduction of explicit coordination.

6.2 Implications for automation design

The results showed that current ATC automation is
designed to optimally support uncertainty management
strategies through controller support tools, HMI function-
ality, as well as overall system design. We will now discuss
the implications for automation design in the context of
current operations, as well as future operations as envi-
sioned within SESAR and NextGen.

6.2.1 Implications for current operations

The results indicated that various controller support tools
and functions (e.g. monitoring tools, alerts in case of radar
failure, see Table 7) support controllers with reducing
uncertainty. The findings indicated that the detection of
uncertainty, with support of automation, is preferred if (1)
the data behind these functions are reliable, (2) non-de-
tection has a high impact on safety (e.g., deviation from
routing or flight level), and (3) the cognitive demand on
detecting such sources of uncertainty, as a result of mon-
itoring, is high. Furthermore, the results showed that
uncertainty (e.g., possible conflict or non-adherence to
cleared route or flight level) was visualized by highlighting
this information in a different colour code. Interestingly,
other options for the presentation of uncertainty (mathe-
matically, through probabilities or confidence limits, or
visually, through shading or different levels of saturation)

as proposed by Nicholls (2001) were not identified. An
exception was weather radar information. A possible
explanation is these visualization options may increase
display clutter (c.f. Rosenholtz et al. 2005). Therefore,
when designing systems that should alert controllers of
missing, conflicting, or unreliable information, care must
be taken to ensure appropriate design trade-offs between
the visualization of uncertainty and possible risk of
increasing display clutter. Furthermore, if visual or
acoustic alerts are chosen to notify controllers of uncer-
tainty, particular attention must also be directed at opti-
mizing the timing and sensitivity of these alerts, in order to
reduce nuisance alerts and to ensure vigilance and trust in
automation (e.g. Parasuraman and Manzey 2010; Parasur-
aman and Wickens 2008). Finally, the design of these alerts
must also take into account various design trade-offs:
notifications in colour may sometimes be missed, whereas
animated alerts may have disadvantages in terms of their
intrusiveness and cognitive costs related to processing
these alerts (Imbert et al. 2014).

The results also showed that conflict detection tools
deliberately did not reduce uncertainty by integrating
sources that may generate variability into the algorithms
underlying the conflict detection tools. Instead, the algo-
rithms underlying the predictions of these tools were
based on human algorithms, in favour of integrating more
sophisticated aircraft performance models, as these mod-
els currently still suffer from reliability (c.f. Knorr and
Walter 2011). This may support controllers in various
ways. First of all, it can reduce fixating and increase
controller vigilance by stimulating manual trajectory
tracking through mental simulation and experience, while
preserving controllers’ conflict detection and analysis
skills (c.f. Leroux 1999). These conclusions are supported
by the notion of transparency and the concept of appro-
priate reliance (Lee and Moray 1994; Lee and See 2004).
Appropriate reliance states that the understanding of
humans concerning the capabilities of automation should
match the actual capability of the automation, allowing
humans to decide when it is reliable and when it is not
(Lee and Moray 1994; Lee and See 2004). Finally, the
findings are in line with earlier arguments by Averty et al.
(2008), who stated that reducing uncertainty to a maxi-
mum is not a primary concern for controllers, as they,
instead, prefer to accept a certain degree of uncertainty.
Our findings suggest that incorporating uncertainty into
automation (and thus by aiming to reduce it) may not be
preferred, when preferred levels of reliability cannot be
achieved.

In addition, the results have indicated the importance of
strategies that acknowledge uncertainty. System charac-
teristics that enable flexibility through flexible rules and
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procedures are required for current and future operations in
order to enable controllers to acknowledging uncertainty
by creating adaptable traffic plans in order to maintain
efficient traffic flows, even during extreme environmental
conditions and other operational disturbances. Various
controller support tools supported controllers with
acknowledging uncertainty. Future operations would ben-
efit from even more sophisticated controller support tools,
such as “What-if” tools (e.g. FASTI 2006, 2008) which
enable the “probing” of different traffic solutions against
operational goals. Finally, the results have shown that
strategies, such as delegating control, which increases
uncertainty, is often preferred in order to maintain flexi-
bility of operations. This suggests that systems and oper-
ating procedures are required that support the management
of delegation scenarios, for example, through monitoring
tools that are able to detect when a delegated situation may
exceed the constraints of boundaries of control.

6.2.2 Implications for future operations in SESAR
and NextGen

Future ATM concepts, as envisioned within SESAR
(SESAR JU 2012) and NextGen (FAA 2014), aim to
increase the efficiency and predictability of air traffic
management through the implementation of 4D business
trajectories. Although these programmes aim to minimize
uncertainty, uncertainty cannot be completely eliminated
from future operations (Malakis and Kontogiannis 2014;
Nicholls 2001). In particular, during non-routine events
(e.g. adverse weather or emergency situations), pilots may
need to deviate from their previously negotiated 4D busi-
ness trajectory, requiring negotiation with controllers to
exchange and implement adapted trajectories through the
sector. This means that controllers may be confronted with
even higher levels of uncertainty, due to increased ambi-
guity concerning the pilot’s ability to maintain its 4D tra-
jectory and their preferences (Dekker and Woods 1999;
Malakis and Kontogiannis 2014; Nicholls 2001). Similarly,
as the 4D business trajectory concept relies on the Free
Route Airspace concept, the predictability of the traffic
situation may significantly decrease, as conflicts between
aircraft may now occur randomly in the sector, instead on
standard routings. Taken together, this means that the role
of uncertainty may increase for future operations. This
suggests that future automation should support controllers
with reducing, acknowledging as well as increasing
uncertainty, by developing automated systems that enable
delegation of control and authority between actors in the
system, as well as controllers support tools that support
controllers with managing uncertainty. For example, this
study revealed that controllers also prefer to increase
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uncertainty, as a strategy to enable increased flexibility of
operations. This finding has important implications for
system design for future operations envisioned within
SESAR and NextGen, as it requires a dynamic allocation of
authority, control, and responsibility (Boy and Grote
2009, 2011; Flemisch et al. 2012; Straussberger et al. 2008)
between all operators (human and automation) involved in
managing the 4D trajectory. The delegation of control, an
example of dynamic function allocation, should be care-
fully considered within the system design, by ensuring that
the delegated tasks are clearly defined, and that the
involved actors have a shared understanding about the
operational goals, the constraints, as well as the progress of
the delegated tasks (Straussberger et al. 2008). If not,
delegation of control can generate unacceptable levels of
uncertainty, leading to increased collaboration demands
(Kontogiannis 2010), which would generate workload as
an unwanted trade-off.

7 Limitations of study and conclusion

We acknowledge some limitations of this study. First of all,
data were collected exclusively in enroute air traffic control
sectors, suggesting limitations for external validity to other
environments. Some of the findings, in particularly the
automation requirements, are specific to enroute air traffic
control environments. However, the findings can be
translated to other command and control environments,
where complexity and uncertainty management strategies
are required to manage operational demands. Furthermore,
the limited hours of observation means that the list of
strategies and underlying tactics may not be exhaustive. In
addition, we did not observe emergency scenarios or other
highly abnormal situations, which are typical scenarios for
high levels of uncertainty (Malakis et al. 2010; Konto-
giannis and Malakis 2013). Finally, our study did not
investigate the influence of team cognition (e.g. team
mental models, team situation awareness) on uncertainty
management (e.g. a team’s ability to anticipate and to
respond to uncertainty) as an aspect of adaptive team
performance (c.f. Burke et al. 2006). Future research could
further explore the influence of a teams’ externalized cue-
strategy associations (c.f. Fiore et al. 2010) on a team’s
ability to manage uncertainty.

In conclusion, the purpose of this study was to identify
the sources of uncertainty occurring in enroute air traffic
control, and the strategies that controllers adopt to respond
to these sources of uncertainty. Existing frameworks,
including the RAWES heuristic (Lipshitz and Strauss 1997)
and anticipatory thinking (Klein et al. 2007), proved suc-
cessful in identifying reduction and acknowledgement
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strategies, and a few new tactics were described. In addi-
tion, in line with Grote (2015), we identified that con-
trollers also preferred to increase uncertainty, in order to
increase the flexibility of operations, and described new
underlying tactics. Furthermore, we showed that various
trade-offs between operational goals and contingences
influenced the adoption of uncertainty management
strategies, and showed how automation including con-
troller support tools and HMI functions supported con-
trollers with managing uncertainty. Implications for the
design of current, as well as future ATM operations, as
envisioned within SESAR and NextGen, were discussed.
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Appendix: Overview of controller support tools
(adapted from Corver and Aneziris 2014)

Stripless tools Description of the tool

Electronic coordination

E-coordination tool The E-coordination tool (Fig. 2)
allows controllers of different
sectors to electronically coordinate
changes to the trajectory of a flight,
e.g. by proposing a rate of descent/

ascent, a flight level, or a direct route
Medium-term conflict detection tools

Horizontal scanning tool
(HST)

The horizontal scanning tool (HST,
Fig. 3) is a conflict detection
function whose outcome is displayed
on the radar display, in the aircraft
label and in a separate window
which lists potential conflicts
(encounters) having a horizontal
separation of 10 nautical mile or 15
nautical mile or less (encounter
threshold)

continued

Stripless tools Description of the tool

The exit conditions assistance tool
(ECAT, Fig. 4) supports controllers
in planning aircraft through the
sector in a timely manner by listing
all aircraft planned to exit at an exit
point, sorted according to their
predicted exit times. Potential exit
conflicts are identified by
highlighting the exit flight levels of
these flights. In addition, controllers
are presented with a suggested
solution. Exit conflicts arise if exit
conditions (typically three or more
minutes of separation between
aircraft, or as specified in letters of
agreement between centres) cannot
be complied with

Exit conditions assistance
tool (ECAT)

Dynamic scanning tool
(DST)

The dynamic scanning tool (DST,
Fig. 5) displays a prompt window
when a controller enters a solution
which, according to the system, is
unsafe. This prompt window
displays information about the
potential crossings, including
minimum distance and time until
minimum distance is expected. The
trajectories are marked in red where
loss of separation is predicted

Analysis support tool

Crossing tool The crossing tool (Fig. 6) helps
controllers in the analysis of a
potential conflict situation and with
the monitoring of a crossing
situation. When using the crossing
tool, the controller selects the two
aircraft to be monitored against each
other and the system extrapolates
their positions to calculate the
minimum separation between them

The click and hold tool (Fig. 7) allows
controllers to analyse the traffic
situation by selecting a flight level in
a dropdown menu. Only traffic
which is cleared to this flight level
and/or descends/climbs trough this
level is highlighted

Click and hold

Planning and measuring tools

Planning tools Planning tools include speed vectors
for each aircraft, which can be
extrapolated based on the present
heading and speed, as a result of the
interaction with the mouse wheel
(extrapolation of the future position
in increments of minutes), thus
giving visual information about the
future position of the aircraft
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continued

Stripless tools Description of the tool

Measuring tool The measuring tool supports
controllers in measuring distances
between aircraft, between

trajectories, or critical points)
Monitoring aids

The cleared level adherence
monitoring function (CLAM,
Fig. 8) is a monitoring aid that
monitors actual flight level of the
aircraft against the cleared flight
level (CFL) given to the pilot and
entered by the controller in the
system. It provides a warning in
case of a deviation

Cleared level adherence
monitoring function
(CLAM)

Route adherence monitoring
(RAM) function

The route adherence monitoring
(RAM) function is a monitoring aid
to support controllers in detecting
that an aircraft has deviated from
the trajectory as known to the
system. An alert warns the
controller if the current aircraft
flight path deviates from the
trajectory as expected by the system
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