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The effects of air traffic conflict geometry have been well investigated in prior studies, partic-
ularly in the context of the pilot, though little in the context of the air traffic control officer
(ATCO). No study to date has investigated the effects of conflict geometry on human fac-
tors variables of ATCOs through objective and physiological approaches. This study examines
the effects of conflict geometries on ATCO situation awareness, stress level and brain activity
during conflict resolution. Fifteen participants were instructed to resolve six different conflict
geometries: crossing level, crossing non-level, converging level, converging non-level, overtak-
ing level, and overtaking non-level. The results indicate that converging and crossing conflicts
led to lower situation awareness (SA), higher stress level, and higher theta activation at the tem-
poral and parietal lobes. Level conflict led to lower SA. The findings offer two implications,
providing insights for the formal guidelines in ATC conflict resolution training and provision of
inputs for the conflict resolution aid development.
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1. INTRODUCTION. The rapid rise in air traffic density has induced a higher possibil-
ity of air traffic conflict, proven by the increased number of pilots who reported near mid-air
collisions, from 85 cases in 2012 to 350 cases in 2016 (USDOT, 2016). This increase has
introduced a challenge to air traffic management systems, given that the current systems
have already been approaching maximum capability (CANSO, 2012).

Air traffic conflict occurs when two aircraft fail to keep the minimum separation required
for safe passage. Each aircraft in the sky currently should fly with minimum separation of
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five nautical miles laterally and 1,000 feet vertically (Nolan, 1999). When this minimum
separation is violated, the conflicting aircraft pair typically have different positions involv-
ing lateral angle of the trajectory intersections, such as crossing, converging, and overtaking
both at level and non-level altitude, which is defined as ‘conflict geometry’ (Erzberger,
2006; Thomas and Wickens, 2005).

Understanding conflict geometry of conflicting aircraft is essential; it affects the detec-
tion and resolution of the conflict. Prior studies have examined conflict geometry from
both the pilot and ATCO points of view. The effects of conflict geometry were mainly
examined with respect to pilots’ manoeuvring preferences. Pilots generally prefer to turn
away from intruder aircraft and tend to choose vertical manoeuvres for conflict resolution
(Thomas and Rantanen, 2006). Rantanen and Nunes (2005) investigated conflict geometry
effects on conflict detection performance and found a hierarchical strategy of resolution,
with pilots first checking altitude information and then other dimensions. Eyferth et al.
(2003) investigated three different conflict classifications (crossing, descending and same
level) on performance and found that vertical conflicts were detected faster, with a higher
ATCO confidence level.

Conflict resolution was examined in other investigations as well. Rantanen and Wick-
ens (2012) performed a study analysing 256 conflict resolution manoeuvring cases obtained
from five air traffic control (ATC) centres in the US. Their results revealed conflict geome-
try effects on ATCO manoeuvring preferences. They also found regular patterns of conflict
resolution manoeuvres, where vertical manoeuvres were preferred over lateral ones due
to gravity exploitation, easy visualisation, rapid execution and preservation of airspace
structure.

Numerous studies of conflict geometry have focused on performance and resolution
manoeuvring preferences. However, to our knowledge based on an exhaustive literature
review, several research gaps remain to be addressed by the present study: (1) no study has
examined the effects of various conflict geometries on ATCO cognitive aspects, particularly
situation awareness; (2) prior studies have never investigated the conflict geometry effects
on ATCO stress level; and (3) no study has been conducted to explore what is actually
happening in the brains of ATCOs during conflict resolution.

ATCOs must direct a correction manoeuvre to avoid air traffic conflict in an effective
and expedient manner. In their investigational study of conflict resolution data, Rantanen
and Wickens (2012) identified a pattern in conflict resolution manoeuvring wherein ATCOs
tended to apply vertical manoeuvre more than lateral and speed manoeuvres. This might be
due to the difficulty level of the resolution manoeuvre and conflict geometry involved, with
vertical manoeuvre being the most expeditious manoeuvre to apply, followed by a lateral
manoeuvre including heading, and lastly a speed manoeuvre.

ATCOs must manage numerous aircraft at a time, and when a conflict occurs the time
interval between conflict alert and collision is exceedingly short, triggering immediate
ATCO stress. This issue is also related to the situation awareness of the ATCOs. If an
ATCO encounters high stress, then their spontaneity, situation awareness, prediction and
decision-making skills, as well as focus and concentration, would be degraded, thus com-
promising the airspace safety within their controlled sector. Therefore, the investigation of
conflict geometry effects on these human factor issues, including situation awareness (SA)
and stress level, are inevitably essential to enhancing air traffic safety.

Further, there are several measures of stress level, including subjective, performance-
based and physiological stress (Hou et al., 2017). Subjective stress measurement is typically
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performed using questionnaires, but the results tend to also be subjective and are hard
to continuously evaluate across the entire experiment or observation. Performance-based
measures are derived from task performance during the experiment or observation. This
measure can reflect the performance accurately, but cannot directly detect the stress level
encountered by participants. To address these issues, physiological measurement of brain
activity allows for providing continuous evaluation and direct analysis of stress level in real
time.

Throughout these studies, there is little information concerning formal standards taught
for conflict resolution during ATCO training. Although the definitions and guidelines for
each type of separation standard is provided partially by ICAO (2013), no clear guidance
is available on how to resolve various conflicts effectively and efficiently. The instruc-
tors transfer such know-how information to the novice controllers during their on-the-job
training in the ATC facilities (Rantanen and Wickens, 2012). Examining the effects of
general conflict geometry on ATCO SA, stress level and brain activity during conflict
resolution will greatly benefit the formulation of formal standard of conflict resolution
manoeuvres based on ATCO mental state. To this end, we conducted an experimental study
where participants with ATC training were responsible for controlling aircraft and resolv-
ing conflicts with various geometries. The study further highlighted extant research gaps,
and hypotheses were derived accordingly based on the literature review, as elaborated in
Section 2.

2. LITERATURE REVIEW.
2.1. Conflict geometry and air traffic complexity. Several prior studies tied air traf-

fic complexity with geometric relationships between aircraft (Histon et al., 2002; Murphy
et al., 2012). Boag et al. (2006) proposed levels of air traffic conflict difficulty in terms of
relational complexity. If an aircraft does not violate any separation minima, then the rela-
tional complexity is 0. If an aircraft is in a one-dimensional conflict, then the complexity or
difficulty level is 1. When a conflict involves more than one dimension, the difficulty level
increases accordingly. They validated this metric using the rating of the ATCOs.

The complexity is related with the closure angle and time of flight as indicated by aircraft
speed (Hilburn, 2004), as well as by location and time to form a ‘flight shape profile’
of future trajectory (Wee et al., 2018). Another study by Wee et al. (2019) attempted to
measure the complexity of a dynamic airspace using the eye-tracking method and develop
a framework for it by syncing the raw eye data and the raw radar data involving aircraft
position and label data. Connecting this with the relational complexity of the situation,
the difficulty level of air traffic conflict varies depending on its geometry as well as time
of flight. Erzberger (2006) suggested that converging conflict involving three geometrical
dimensions as well as sequencing constraints is the most difficult to resolve. Crossing is
the second most difficult, since it does not involve flight time for sequencing constraint.
Lastly, overtaking is perceived as least difficult because it only deals with one geometrical
dimension and speed.

Although studies about conflict geometry have been well documented in conflict detec-
tion, there is a general lack of studies in conflict resolution. Research concerning conflict
geometry has merely focused on task performance and manoeuvring options. Despite the
contribution of conflict geometry to different levels of conflict difficulty, there has been
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no study available to investigate the effects of conflict geometry on SA and stress level as
essential human factor variables underlying ATCO stress states.

2.2. Situation awareness in air traffic control. Situation awareness is a cognitive
state related to the assessment of dynamic situation through environmental cues (Isaac and
Ruitenberg, 2017) and is an essential requirement for safe operation in complex air traffic
control systems (Sarter and Woods, 1991). Extensive research concerning SA is available
in the ATC domain, and is mainly focused on the investigation of traffic load as well as dis-
play on SA. Nunes (2003) manipulated air traffic into two levels (i.e. low and high airspace
load) and found that the SA was worse during high airspace load. Concerning display, Sui-
jkerbuijk et al. (2005) found that vertical situation displays (VSDs) promoted higher SA
than did only horizontal situation displays. Correspondingly, Endsley et al. (1999) found
that predictive display better enhanced ATCO SA than did baseline display. In addition, Li
et al. (2017) found that more parameters accounted in an alarm system can also potentially
promote situation awareness in vessel traffic operations. A more recent study in vessel traf-
fic also proposed a smart alarm system that involved various multimodal cues, including
sound, geometric and haptic cues to enhance SA of operators (Li et al., 2019a). These col-
lective findings might be explained by the fact that participants who demonstrate high cue
utilisation have higher SA (Falkland and Wiggins, 2019).

Conflict geometry is a vital aspect in conflict resolution handling. Moreover, regardless
of the importance of SA in air traffic as a vital requirement in air traffic control operations,
there have been no studies to investigate conflict geometry and its relation to SA. This
reveals the first gap. Referring to the different conflict geometry in Section 2.1, we hypoth-
esised that higher SA would be observed during the resolution of conflict involving fewer
dimensions (H1), since ATCOs could have higher cue utilisation on fewer dimensions.

2.3. Air traffic controllers’ stress. Stress is an essential variable to be investigated
in ATC domain, since the majority of ATCOs (more than 88 per cent) encounter stress
during their work (Grandjean et al., 1971). An empirical study analysing ATC stress using
questionnaire and saliva tests indicated excessive stress for ATCOs (Zeier, 1994). Air traf-
fic control is a stringent work domain, with strict operational procedures and constraints.
The job characteristics and the significant responsibility induce enormous stress (Jou et al.
2013). Jou et al. (2013) found that the highest trigger of ATCO stress was the air traffic
load, including the stricter attentions required during traffic conflict resolution. However,
prior studies have only concentrated on shift (Freitas et al., 2017), eye movement (Renata
et al., 2018) and traffic load (Prevot et al., 2012; Westin et al., 2013; Yang and Dattel, 2017)
as the main causes of stress, fatigue and workload.

Though numerous studies have shown that stress is an important construct in ATC and
is affected by shift and traffic load, due to stricter attentions required, no previous study
dissected the effect of aircraft structure on ATCO stress level during conflict resolution.
This highlights the second gap. Given different difficulty levels of conflict geometry as
mentioned in Section 2.1, we hypothesised that ATC stress levels would vary depending
on conflict geometries, where stress level would be highly induced during the resolution of
more-complex conflicts (H2).

2.4. EEG studies in air traffic control. EEG has been widely used in human-related
studies. According to Tan and Nijholt (2010), brain activity is the only physiological func-
tion that remains active when humans lose control of their physical movement, such as arm,
eye, head, or speech control. The brain is the most complicated body part, processing both
sensory and motor functions (e.g. planning, pattern recognition, reasoning). Indeed, there
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Figure 1. Electroencephalogram (EEG) device (Emotiv, 2019).

are many other physiological measures available to investigate cognitive functions, such as
heart rate, eye movement and saliva. Although the eye movement can be associated with
an individual’s mental fatigue state (Renata et al., 2018), and there is a correlation between
the increase in eye movements and the response time in different mental fatigue (Li et al.,
2019b), numerous other cognitive processes remain that are difficult to measure by external
manifestation. Brain sensing, therefore, is a promising measure for directly quantifying and
studying the cognitive aspects of a human being (Tan and Nijholt, 2010).

This applies in the ATC context and several studies supported the idea. Wilson (2002)
analysed physiological responses, including heart rate, brain activity and blink rates, dur-
ing different flight rules (i.e. visual flight rules (VFR), instrument flight rules (IFR), and
high-speed instrument flight rules) and registered significant changes on the brain activ-
ity due to varying flight rules. Other studies (Astolfi et al., 2012; Di Stasi et al., 2015;
Kiroi et al., 2016) also empirically analysed the brain activity during different phases
of flight using EEG and found that EEG was an informative means for assessing each
flight phase. The highest brain activity was observed during landing and takeoff, and
lower brain activity occurred during cruising. There was also a coherent correlation in
the frontal and parietal lobes between pilot and copilot during collaborative tasks. Hou
et al. (2017) also validated use of the EEG to measure real-time workload in the ATC
domain.

The brain is the control centre of the human body, and consists of four lobes: frontal,
parietal, temporal, and occipital. The frontal lobe is associated with problem-solving
(Dharmawan, 2007), visual attention and planning (Abbass et al., 2014). The parietal lobe
controls sensory and motor system, awareness and perception (CNS, 2017; Smelser and
Baltes, 2001). The temporal lobe deals with information filtering (Gamon, 2016), object
recognition (Abbass et al., 2014) and sensory processing, as well as memory operations
involved in ATC tasks (Giraudet et al., 2015). The occipital lobe is responsible for visual
perception (e.g. colour perception) (Frackowiak, 1998).

The brain lobes consist of so many neurons. The activity of these neurons is reflected
through electric pulses, so-called brainwave. Human brain has different wave frequencies
depending upon their cognitive processes. Delta frequency waves occur when humans
fall asleep (Bernardi et al., 2019). Alpha waves are commonly observed during relax-
ation (Lagopoulos et al., 2009). Theta waves are associated with short-term memory
(Klimesch, 1994). Theta wave activity is also a reliable measure of mental workload
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Figure 2. ATC Simulator�2.

Figure 3. Xavier software (Emotiv).

during time-related tasks, such as that for ATC (Shou and Ding, 2013). Beta waves control
emotion (Li et al., 2018).

Despite the promising insight that EEGs can offer about the higher-order human cog-
nitive processing that takes place in the brain (Weiland et al., 2013), there has been no
study to examine the effect of different conflict geometry on brain activity. The EEG stud-
ies have been limited to flight phases, rules and information display (Borghini et al., 2015).
This is the third gap. Since conflict geometry is highly associated with air traffic safety,
its dynamic effect on brain activity should be studied and, hence, is addressed in this
research.
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Figure 4. Brain Activity Map software.

Table 1. Experimental design.

Condition Crossing Converging Overtaking

Level X X X
Non-Level X X X

Figure 5. Lateral conflict geometries: (a) crossing, (b) converging, (c) overtaking conflicts.

Because human brains have different lobes and waves associated with different func-
tions, we hypothesised that various conflict geometries would affect ATCO brain activity
during conflict resolution. Particularly, the lobes related to the visual attention and informa-
tion processing as well as waves associated with memory would be more activated during
the resolution of conflict involving more geometrical dimensions (H3).
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3. METHODS.
3.1. Participants. Fifteen male undergraduate students aged 20 to 23 years old par-

ticipated in the research. The students received ATC training and had at least a 70 per cent
score in the ATC task. During the training, there were six conflict scenarios, and only those
participants who successfully resolved at least five conflict scenarios could join the formal
data collection. According to Pierce et al. (2013), an ATCO is declared as qualified when
obtaining a 70 per cent score for the AT-SAT test.

3.2. Apparatus. Three work stations were provided for the ATCO, the pseudo-pilot
and the experimenter. At the first work station, two monitors were provided for the ATCO,
displaying the ATC simulator and situation awareness queries. The ATCO was requested
to wear a five-channel electroencephalogram (EEG) device (Figure 1) on their head during
the experiment. At the second station, the ATC simulator display and control (i.e. key-
board and mouse) were provided for the pseudo-pilot to respond to the ATCO’s commands.
The ATCO–pilot communication was conducted through verbal command, mimicking real
ATC operations. An ATCSimulator�2, a PC-based ATC simulator displaying a 60-NM
range radar display, arrivals and departures flight progress strips (Figure 2), was used.
ATCSimulator�2 is also equipped with an ATC-Sector Design Kit (ATC-SDK) to cre-
ate air traffic and conflict scenarios by manipulating fleet times, entry and exit points,
and speeds of aircraft. The ATC simulator would activate an alert indicated by a beeping
sound when a conflict occurred (i.e. when five-nautical-mile lateral and 1,000-feet vertical
separations were violated).

At the third station, a monitor was provided for the experimenter to monitor the ATCO
stress level and brain activity using Xavier (Figure 3) and Brain Activity Map (Figure 4)
software, respectively.

3.3. Design. A within-subjects design with two factors (i.e. lateral and vertical) was
adopted (Table 1). The lateral factor consisted of three levels: crossing, converging, and
overtaking, as shown in Figure 5. The vertical factor had two levels: level and non-level.
Crossing conflict occurs when two aircraft having different directions intersect at one point
in their respective paths. Converging conflict occurs when two aircraft fly into one merg-
ing point on their paths. Overtaking conflict occurs when two aircraft are on the same
airway and direction, with the following aircraft flying faster than the preceding one. The
conflict was at level position when the two conflicting aircraft were at the same altitude.
Non-level conflict occurred when both conflicting aircraft were at different altitudes but
remained within less than 1,000 feet separation. The conflict scenarios were presented with
double cross-over design, where half of the participants first encountered level conflict
and the remaining half first encountered non-level conflict. Each one-third of participants
encountered crossing, converging, and overtaking first, respectively.

There were three dependent measures in this study: situation awareness (SA), stress level
and brain activity. Situation awareness was assessed during the entire experiment using the
Situation Present Assessment Method (SPAM) (Durso et al., 1999). The accuracy and time
required to answer the SPAM queries after the participants were ready reflect the measure of
SA (Durso et al., 2004). Consequently, probe response latency and accuracy were recorded
as SA measures. Probe response latency indicated the time interval between the onset of a
question and a participant’s response, while the percentage of the correct response toward
the SA questions reflected the accuracy.

For the stress level, Xavier software from Emotiv was used to record the stress level of
the participants. The Xavier software provides the stress level along the experiment time.
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Only the stress level data during conflict resolution of each conflict scenario were captured
and analysed.

The brain activity was recorded using Brain Activity Map software that showed signal
power of alpha, beta, delta and theta frequencies for each brain channel. There were five
channels observed in this study, including right and left frontal, right and left temporal, and
parietal lobes. Each channel was perceived as activated when the power of each frequency
registered as high, as indicated by the red region over the channel.

3.4. Tasks and procedure. Participants were requested to perform ATC tasks, par-
ticularly to maintain separation between aircraft and resolve potential conflicts. The
pilot–ATCOs communication was accomplished through voice transmission. The partici-
pants handled all arriving and departing aircraft in their controlled sector. Participants were
requested to provide altitude clearance for landing, instruct an instrument landing system
(ILS) clearance for approach and hand over the aircraft to the tower controller. Participants
were also responsible for achieving climb of the aircraft to an appropriate exit altitude and
handing over the aircraft to adjacent facilities.

The pseudo-pilot inserted keystroke commands to the ATC simulator in accordance with
the ATCO’s voice directions. The keystroke commands were translated into a synthetic
pilot voice according to formal ATCO–pilot communication phraseology.

An average three-hour training session was provided for participants before the exper-
iment. During the training session, participants were briefed and introduced to the ATC
simulator. In the training session, six conflict geometries were provided for participants to
resolve. Participants who successfully resolved at least five conflict geometries were eligi-
ble to proceed to the experiment session. By the end of the training session, all departing
and arriving aircraft could be successfully cleared by the participants.

Prior to the experiment session, participants filled out a consent form. After that, an
EEG device was set and calibrated to each participant. During the experiment session, six
conflict geometries were placed in the scenario. There were four-minute intervals between
each conflict geometry scenario. On top of the conflicting pairs, there were dummy aircraft
set as traffic aircraft in the scenario, to preserve the ecological validity of the experiment.
Participants were instructed to resolve the conflicts and perform other appropriate ATC
activities (e.g. climb and land the aircraft) to deal with the simulated air traffic conditions.

Situation awareness-ready probes and questions were also provided during the experi-
ment. If participants had additional cognitive resources, they were encouraged to respond
to the SA probes and questions. Each probe appeared every four minutes and there were
six probes throughout the experiment, corresponding to the conflicts. If participants did not
respond within one minute to the presence of the probes, the probes would disappear.

3.5. Statistical analysis. A 3(lateral) × 2(vertical) repeated-measure ANOVA was
performed to analyse probe response latency and stress level. In addition to the omnibus
analysis, post-hoc tests using Least Significant Difference (LSD) were performed for
appropriate variables. If the data violated the assumption of normal distribution, then non-
parametric tests including Friedman and Wilcoxon signed-rank tests were performed for
the lateral and vertical factors, respectively.

The probe response and the brain activity data were binary. Since the observations were
also dependent, analyses were performed using Generalised Estimating Equations (GEE)
to fit both conditions. The GEE method was chosen because it did not require linear relation
between independent and dependent variables nor normality and homogeneity assumptions
of the data.
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Table 2. The brain activity results.

Brain section Wave frequency Factor X 2 P-value Significance

Right frontal lobe Theta Lateral 1·99 0·369 Not sig
Vertical 2·14 0·144 Not sig

Alpha Lateral 3·05 0·218 Not sig
Vertical 4·85 0·028 Significant

Betha Lateral 3·92 0·141 Not sig
Vertical 0·54 0·461 Not Sig

Right Temporal Lobe Theta Lateral 19·05 0·000 Significant
Vertical 0·61 0·434 Not Sig

Alpha Lateral 4·16 0·125 Not Sig
Vertical 0·79 0·373 Not Sig

Betha Lateral 1·50 0·472 Not Sig
Vertical 0·17 0·682 Not Sig

Parietal Lobe Theta Lateral 7·43 0·024 Significant
Vertical 0·07 0·797 Not Sig

Alpha Lateral 0·06 0·986 Not Sig
Vertical 2·90 0·088 Not Sig

Betha Lateral 1·15 0·469 Not Sig
Vertical 0·43 0·513 Not Sig

Table 3. Parameter estimates of right temporal alpha.

Reference category: Yes

Status B df Sig

No Overtaking∗Converging 0·628 1 0·219
Crossing∗ Converging −0·239 1 0·763
Overtaking∗ Crossing 0·867 1 0·181
Non-level∗ Level −1·323 1 0·028

∗indicates the comparison value between the pairs.

Table 4. Parameter estimates of right temporal theta.

Reference category: Yes

Status B df Sig

No Overtaking* Converging 2·513 1 0·001
Crossing* Converging 0·785 1 0·326
Overtaking* Crossing 1·728 1 0·000
Non-level * Level −0·516 1 0·434

Table 5. Parameter estimates of parietal theta.

Reference category: Yes

Status B df Sig

No Overtaking* Converging 1·107 1 0·013
Crossing* Converging 3·58 1 1·000
Overtaking* Crossing 1·107 1 0·047
Non-level * Level 0·11 1 0·797

https://doi.org/10.1017/S0373463319000882 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463319000882


688 FITRI TRAPSILAWATI AND OTHERS VOL. 73

4. RESULTS.
4.1. Situation awareness measures.
4.1.1. Probe response latency. Due to the violation of normality, a non-parametric

Friedman test was conducted and rendered a significant chi-square value of 8·08
(p = 0·018), supporting H1. Post-hoc tests using a Wilcoxon signed-rank test were per-
formed and revealed that the probe response latency for converging conflict (Mdn = 12)
was significantly higher than in the overtaking conflict (Mdn = 12), Z = 2·38, p = 0·017,
indicating lower SA during converging conflict as compared to during overtaking con-
flict. There was no significant difference between crossing (Mdn = 13) and converging
(Mdn = 12), Z = 0·14, p = 0·89, nor between crossing (Mdn = 13) and overtaking (Mdn =
12),
Z = 1·72, p = 0·085. The H1 was therefore partially confirmed. For the vertical factor,
a Wilcoxon test was also performed and showed significant effect, Z = 2·93, p < 0·01,
indicating that SA was lower when two aircraft were at a level position (Mdn = 13) than
when at a non-level position (Mdn = 12).

4.1.2. Question probe response. No significant effect of lateral factor was found
on question probe response (χ2(2) = 1·74, p = 0·419). The vertical factor was also not
significant in affecting question probe response (χ2(1) = 1·65, p = 0·199).

4.2. Stress level. The effect of lateral geometry on stress level was significant,
F(2, 28) = 3·51, p = 0·044, indicating that H2 was supported. The post-hoc tests (LSD)
showed that stress level was higher during converging conflict (M = 56·23, SD = 19·96)
than during overtaking conflict (M = 50·27, SD = 14·00) (p = 0·022). No significant differ-
ences were found between converging and crossing (M = 50·07, SD = 10·96) (p = 0·062),
nor between crossing and overtaking (p = 0·938). The vertical geometry was not signifi-
cant, F(1, 14) = 2·36, p = 0·147. The Mauchly’s statistical test indicated that assumption
of sphericity for interaction data had been violated (χ2(2) = 15·59, p < 0·01), there-
fore degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity
(ε = 0·59). The interaction effect between lateral and vertical geometries on the stress level
was also not significant, F(1·18, 16·48) = 0·79, p = 0·405.

4.3. Brain activity. GEE analyses to examine the effects of lateral and vertical fac-
tors were performed for each brainwave frequency at each channel. The overall results are
shown in Table 2. The vertical factor was significant in influencing the alpha frequency in
the right frontal lobe (χ2(1) = 4·85, p = 0·028). The lateral factor was significant in influ-
encing the theta frequency in the right temporal (χ2(2) = 19·05, p < 0·01) and parietal
(χ2(2) = 19·05, p < 0·01) lobes, respectively. These significant results showing that H3
was upheld were further elaborated in the following.

4.3.1. Right frontal lobe – alpha frequency. The parameter estimates shown in Table 3
indicated that the alpha frequency at the right frontal lobe was more activated when the con-
flict was non-level than when the conflict was level (B = −1·32, p = 0·028). Alpha waves
are associated with relaxation; the activation of alpha wave during non-level conflict indi-
cated that non-level conflict was less complex than was level conflict. This was particularly
true given harder visualisation of aircraft flying at similar altitude. There was no difference
in the right temporal lobe activity due to the lateral geometry.

4.3.2. Right temporal lobe – theta frequency. For the right temporal lobe, as shown
in Table 4, the theta frequency was more activated during converging conflict than dur-
ing overtaking conflict (B = 2·51, p = < 0·01). It was also more activated during crossing
conflict than during overtaking conflict (B = 1·73, p =< 0·01). Theta frequency is usually
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observed during high mental workload and is associated with memory. Converging and
crossing conflicts led to higher workload and required greater memory functions to be
resolved since both conflicts involved greater spatial dimensions as well as time of flight to
consider than did overtaking conflict.

4.3.3. Parietal lobe – theta frequency. The results shown in Table 5 revealed that con-
verging conflict was associated with higher activation of theta frequency at the parietal lobe
than was overtaking conflict (B = 1·11, p = 0·013). Similarly, crossing conflict was also
associated with higher activation of the frequency than was overtaking conflict (B = 1·11,
p = 0·047). Theta activation in the parietal lobe is also associated with memory to pro-
mote position awareness. Converging and crossing conflicts required complex analyses of
distance, route and speed of aircraft.

5. DISCUSSION. The current experiment addressed the gap of the conflict geometry
investigations of prior studies that focused only on the manoeuvring preferences of the
pilot and included little examinations from the perspective of ATCOs. We found signifi-
cant effects of lateral and vertical conflict geometries on various human factors elements
examined through objective and physiological approaches to disclose what happens with
ATCO cognitive resources during conflict encounters. We believe that this is the first study
to examine these issues.

The SA was lower in converging conflict than in overtaking conflict. ATCOs only con-
sidered speeds of conflicting aircraft, so it was easier for ATCOs to detect and resolve the
conflict earlier (Krozel and Peters, 1997). In addition, SA was low when ATCOs focused
on the conflicting aircraft (Chatterji and Sridhar, 2001). For the vertical factor, SA was
lower when two aircraft were at a level position than when they were at a non-level posi-
tion. This is particularly true since level conflict demanded that ATCOs be stricter for
information selection and analysis; therefore, their focus was on the level information and
neglected other non-conflict information (Sperandio, 1978). In addition, the visualisation
of conflict involving vertical attribute was harder than conflict involving lateral conflict,
since the information regarding z-axes was only provided on the data-tag and needed to be
processed further in the working memory (Trapsilawati et al., 2017).

The result on stress level was in the expected direction, along with the SA finding that
converging conflict led to higher stress than did overtaking conflict. This was due to the
additional resources needed to predict the closest point of approach in terms of angle in
the converging conflict, which was not the case in the overtaking conflict, since both air-
craft were already on the same route. Scallen et al. (1996) supported this observation that
converging conflict is difficult and challenging to resolve, a fact proven by the high num-
ber of unresolved converging conflicts in their research. Erzberger (2006) also agreed that
two aircraft flying convergent into a same point was the most difficult conflict to resolve,
therefore triggering higher stress levels.

Importantly, we did research on participants’ brain activity while resolving conflict and
found several interesting results, confirming H3. First, we found that alpha wave frequency
in the right frontal lobe was more activated during non-level conflicts than during level
conflicts. The right frontal lobe is highly associated with complex decision-making ability
that requires prediction and judgement (Gomez-Beldarrain et al., 2004). During conflict
resolution, ATCOs must predict and simulate outcomes to achieve an effective resolution.
Alpha waves are associated with the semantic memory storage in the long-term memory
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(Klimesch, 1999). The semantic memory is related to knowledge and learning results, such
as fact, concept and numerical process (Rihs et al., 2007). During the experiment phase,
alpha wave frequency decreased during visual attention (Rihs et al., 2007); this indicates
that higher visual attention was required when the two aircraft were at the same altitude (i.e.
level conflict). This finding is supported by a prior study (Siddiqee, 1973), which stated that
level conflict was more complex and often occurred during cruising.

Our second important finding was higher activation of theta frequency in the right tem-
poral lobe during converging and crossing conflicts than during overtaking conflict. The
function of the temporal lobe is to form memory and filter new information (Gamon,
2016). The main function of the right temporal lobe is forming nonverbal memory and
aiding visual identification (Kimura, 1963). Nonverbal memory relevant to the ATCOs
is memory about the airspace picture, route and radar map. ATCOs must possess high
visual identification, since the radar monitoring process is extremely complex. ATCOs
must identify the intersecting trajectory between the conflicting aircraft pair during cross-
ing and converging conflicts, requiring high visual identification (Christien et al., 2002).
In addition, theta waves deal with the episodic or short-term memory (Klimesch et al.,
1994). Episodic memory plays a role in remembering new information. As this memory
must store an increasing amount of information, the theta wave frequency will increase
accordingly. Theta frequency is correlated with difficult mental activity, such as gather-
ing, collecting, processing, learning and remembering information (Jimenez-Molina et al.,
2018). The increase in theta frequency during converging and crossing conflicts showed
that both conflicts required more episodic memory than did overtaking conflict. ATCOs
tended to use short-term memory while resolving conflicts and directing the aircraft to the
original position after the conflict point (Groome and Eysenck, 2016).

Our third finding indicated that converging and crossing conflicts also led to higher acti-
vation of theta frequency at the parietal lobe than did overtaking conflict. The parietal lobe
has the main function of integrating information from sensory receptors to form perception
and cognition and to represent it (CNS, 2017). Other functions of this lobe are to pro-
mote awareness of position (Frackowiak, 1998; Smelser and Baltes, 2001). This inferred
that converging and crossing conflicts required higher awareness than did overtaking con-
flict. Because the former occurred on two different routes, the ATCOs had to consider the
distance between and routes of both aircraft (Trapsilawati et al., 2018). Converging and
crossing conflicts also demanded higher short-term memory than did overtaking conflicts
since there are more complex aspects to be memorised in conflict resolution, such as the
closest point of approach, aircraft routes, altitudes and speeds, whereas overtaking conflicts
only required memory for speed and altitude.

The investigation of different conflict geometry and its effects on the objectives and
physiological responses of ATCOs provide several implications for the air traffic monitor-
ing (ATM) system. First, the results revealed that crossing and converging conflicts led
to reduced SA, higher stress levels, and higher activation of temporal and parietal lobes
than did overtaking conflicts. These findings could provide insights for the ATCO training
system for conflict resolution that ATCOs should pay more attention in converging and
crossing conflicts as well as preserving the aircraft sequence. During crossing conflict, for
instance, an aircraft that is far from the airspace boundary or from top of descent should
apply step altitude correction for optimum resolution (Erzberger, 2006). Hence, during
training, ATCOs should practice more on determining the flight level for stepping up or
stepping down relative to the current aircraft flight level. ATCOs should also be trained
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Table 6. Summary of research results.

Problems Hypotheses Results Findings

Conflict geometry effects on SA have
never been studied

Higher SA would be observed during
the resolution of conflict involving
fewer dimensions.

SA was lower during converging
conflict and when two aircraft
were level.

Time pressure and visualisation loads
exist in the converging and level
conflicts.

Conflict geometry has never been
examined on ATCO stress

ATCO stress level would vary
depending on conflict geometries
where stress level would be highly
induced during the resolution of
more-complex conflicts.

ATCO stress was higher during
converging conflict.

Converging conflict was the most
complex conflict for ATCOs due
to high spatial and time
dimensions.

No study analysing ATCO brain
activity given various conflict
geometries

Lobes and waves related to the visual
attention, information processing,
and memory would be more
activated during the resolution of
conflict involving more
geometrical dimensions.

Alpha wave at the right frontal and
theta wave at the right temporal as
well as parietal lobes were
activated.

Dynamic tracking of ATCO brain
activity validated that converging
and crossing conflicts required
higher awareness and memory
resources, while level conflict
involved more visual attention.
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to determine the time when aircraft will first lose separation and be in conflict, as well as
the time required to return to its original position after applying step altitude correction.
For converging conflict, a path stretch strategy may be applied to preserve the merging
sequence (Erzberger, 2006). ATCOs should receive more training in estimating path stretch
parameters, such as length of the path, its angle and the ground speed, as well as a speed
profile of both aircraft. There is no formal standard used during ATCO training at this time;
therefore, a standard should be formulated considering the cognitive load of various con-
flict geometry. For example, ATCOs should spend more hours in the training to resolve
crossing and converging conflicts as mentioned above, and the resolution should also fit
the utility in Rantanen and Wickens (2012).

Second, the results could be used as the inputs for the development of conflict resolution
aid (CRA), a tool that not only alerts ATCOs about an impending conflict but also provides
an advisory to resolve the conflict (Trapsilawati et al., 2016). Converging and crossing
conflicts were proven to be most cognitively demanding for human operators; hence, the
algorithm for resolution advisory generation of these conflicts should be carefully designed
and must consider ATCO cognitive resources. The algorithm for converging and crossing
conflicts could adopt resolution manoeuvre and aircraft selection (RAMS) proposed by
Erzberger (2006), which can be done in two ways: through spatial domain or time domain.
Spatial domain transforms a potential conflict encounter into relative position and velocity
coordinates of only one aircraft in conflict, whereas the time domain method relies on time-
shifting due to trajectory change. Integration of the ATCO’s cognitive load toward a certain
conflict geometry could further improve the selection of spatial- or time-based resolution
in the CRA. For instance, a spatial domain that has fewer options should be selected for
converging conflicts, thereby allowing ATCOs to better understand the CRA mechanism
and get rid of the CRA should there is any reliability issue with it.

However, several limitations exist in this study. First, the medium fidelity of ATC might
not fully reflect the real ATC system, given that other environmental factors, such as
weather, were not considered during the study. Next, the participants in this study were
students. However, our participants received adequate training for the experiment and
they were eligible only after passing certain requirements in conflict resolution. Moreover,
according to Rantanen and Nunes (2005), ATCOs and students had similar preference in
instructing resolution manoeuvring. This study was exploratory in nature: it was our goal to
identify what was happening with the objective measures and the brain activity of novice
persons during conflict resolution; therefore, employing students as participants tailored
the nature of the study (Goritzlehner et al., 2014).

6. CONCLUSION. Investigation of the influence of conflict geometry on human factor
elements has received little attention in prior aviation studies and is even more lacking in
the context of ATCOs. The effects of conflict geometry on ATCO SA and stress level have
never been examined. In addition, how ATCOs respond to various conflict geometries as
reflected through their brain activity has also never been studied. To address these gaps,
this study has empirically examined the effects of various conflict geometries on the ATCO
SA, stress level and brain activity. The novelty of this study is highlighted and summarised
through its findings, as shown in Table 6. The findings were conclusive that converging
conflict led to lower SA than did overtaking conflict, due to the different number of aircraft
attributes that must be considered. Level conflict also led to lower SA, and this implied that

https://doi.org/10.1017/S0373463319000882 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463319000882


NO. 3 EEG-BASED ANALYSIS OF AIR TRAFFIC CONFLICT 693

more cognitive resources were required for assessing level conflict because of its visualisa-
tion. These findings addressed the first problem, that time pressure and visualisation loads
do exist in the converging and level conflicts affecting the ATCO SA. Correspondingly,
converging conflict also triggered higher stress than did overtaking conflict. This reveals
that converging conflict was the most complex conflict for ATCOs due to high spatial and
time dimensions. These objective findings were also empirically supported by our phys-
iological findings. The activation of alpha frequency at the right frontal lobe decreased
during level conflict, indicating that higher visual attention was required. Theta frequency
at the right temporal lobe was also activated during converging and crossing conflicts,
showing that both conflict geometries used more episodic memory than did overtaking
conflict. Next, the activation of theta frequency at the parietal lobe inferred that converg-
ing and crossing conflicts required high awareness than did overtaking conflict; because
both former conflicts occurred on two different routes, ATCOs must consider the distance
between and routes of both aircraft. Collectively, addressing the third problem regarding
the dynamic tracking of ATCO brain activity, the findings of this study validated that con-
verging and crossing conflicts require higher awareness and memory resources, while level
conflict involves more visual attention. In sum, the examination of different conflict geome-
tries on ATCO responses provide empirical supports for designing ATCO training system
as well as conflict resolution automation for better ATC operations in the future.
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