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Research Article

Ergonomics

Communication facilitates focused monitoring and anticipation of critical 
events: evidence from eye movements

Catrin Hasse and Carmen Bruder, Dr.

Department of Aviation and Space Psychology, German Aerospace Center (DLR), Institute of Aerospace Medicine, Hamburg, Germany

ABSTRACT
The present study investigates the impact of communication availability on monitoring behaviour in 
a team. A monitoring task was designed to compare participants who were not allowed to 
communicate with those allowed to communicate while monitoring an automated system and 
deciding repeatedly whether critical events would turn into failures. Four monitoring phases were 
distinguished around every critical event: identification, verification, anticipation, and detection. 
Eye-tracking parameters obtained during these phases were related to relevant areas of interest. 
Results show that the opportunity to communicate increases the proportion of attention on relevant 
events, particularly during anticipation, and leads to faster fixations on failures during detection.

Practitioner Summary: The mere opportunity to communicate primarily helps operators anticipate 
critical events and detect failures more quickly. These findings  suggest that eye-tracking data can 
support workplace design, personnel selecting and training—particularly by fostering attentional 
readiness during the anticipation phase.

Introduction

In aviation, team-based monitoring of automated pro-
cesses is increasingly prominent. According to the Single 
European Sky ATM Research (SESAR) Programme, 
research on the future of aviation aims towards greater 
levels of automation. Such developments imply that the 
nature of human roles and tasks will necessarily change 
(SESAR JU, 2020; Single European Sky ATM Research 3 
Joint Undertaking, 2024). With the introduction of highly 
automated systems, monitoring and teamwork will pose 
challenges (Bruder, Jörn, and Eißfeldt 2008; Svensson 
et  al., 2021). Consequently, operators must effectively 
monitor the system, detect failures in a timely manner, 
and take control if automation fails (Eißfeldt et  al. 2009; 
Eißfeldt and Gayraud 2015; Eißfeldt 2017). Furthermore, 
given that high-performing operational and technologi-
cal systems are becoming increasingly complex (SESAR 
JU, 2020), it is conceivable that they should be moni-
tored by teams (Hasse, Grasshoff, and Bruder 2014).

A control room is an example of a working environ-
ment where operators supervise complex and dynamic 
processes together. Control rooms are particularly 
prevalent in domains where safety is critically import-
ant, such as airport operational centres, air traffic 

control centres, nuclear power plant control rooms, 
and military control centres, where human error can 
have severe consequences (Hauland 2008; Salas, Cooke, 
and Rosen 2008). As monitoring is one of the core 
tasks in control rooms, operators must appropriately 
monitor the system (Sharma et  al., 2016). To meet such 
complex operational challenges, research emphasises 
the need to adapt personnel selection and training to 
the evolving demands of future aviation environments 
(Eaglestone et  al. 2022; Wium & Eaglestone, 2022). In 
the case of monitoring automated systems, this specif-
ically requires developing objective measures of moni-
toring performance and identifying conditions in 
which this performance improves.

Monitoring as an individual task

Based on previous work on monitoring as an individual 
task (e.g., Niessen and Eyferth 2001; Wickens et al., 2001), 
a normative model was derived (Hasse et  al. 2009; 
Bruder et al. 2014), suggesting distinct phases within the 
entire monitoring process: orientation (at the beginning 
of a new situation), anticipation (during a critical situa-
tion in which the probability of a failure occurring is 
increased), detection (during the occurrence of a failure), 
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and recheck (the time afterwards). Thus, appropriate 
monitoring requires operators to orient themselves 
towards automated system operations and to anticipate, 
detect, and recheck them in time (Hasse and Bruder 
2015; Bruder and Hasse 2019, 2020).

Eye-tracking parameters
Eye movement data are widely used to reveal underly-
ing perceptual and cognitive processes (Inhoff and 
Radach, 1998; Findlay and Gilchrist 2003; Holmqvist 
et  al. 2011). In the context of human-automation inter-
action, eye movements have been instrumental in pro-
viding detailed insights into monitoring performance 
(Hasse and Bruder 2015; Bruder and Hasse 2020).

Research has consistently shown that effective oper-
ators gather relevant information via eye movements, 
enabling the detection of automation failures (Hasse, 
Grasshoff, and Bruder 2012b; Bruder and Hasse 2020) 
and subsequent manual control takeover (Hasse, 
Grasshoff, and Bruder 2012a; Hasse et  al. 2013). 
Specifically, operators monitoring appropriately (OMA) 
are characterised by focusing on relevant information 
faster, more frequently, and for longer durations. This 
focus is quantified using eye-tracking parameters such 
as total times to first fixation (TTTFF), relative fixation 
counts (RFC), relative dwell times (RDT), and mean fix-
ation durations (MFD) (Bruder and Hasse 2020). The 
RFC indicates attentional focus, interest, and expecta-
tion in terms of frequency (Rötting 2001; Jacob and 
Karn 2003; Poole and Ball 2006), whereas the RDT 
reflects the same psychological constructs in terms of 
duration (Friedman and Liebelt 1981; Pieters, 
Rosbergen, and Hartog 1996; Ryan and Cohen 2004). 
The MFD serves as an indicator of processing difficulty 
(Fitts, Jones, and Milton 1950; Just and Carpenter 1976) 
or depth (Velichkovsky, 2001; Pannasch 2003). The 
TTTFF can be used as a measure of the viewers’ per-
ceptual speed or activation potential (Byrne et al. 1999; 
Rötting 2001; Joos, Rötting, and Velichkovsky 2003). 
One study showed that when different eye movement 
parameters were combined in a model, failure detec-
tion could be predicted with an accuracy of 75.6% 
(Bruder and Hasse 2020). However, this predictability 
varies by phase; for example, monitoring adequately 
during anticipation and detection phases is more 
important for failure detection than monitoring ade-
quately during recheck phases (Bruder and Hasse 2020).  
Relevant areas of interest (AOIs) are focused on even 
more in the anticipation phase than in the detection 
phase, in which all possible events are considered 
rather than just the directly relevant ones (Hasse and 
Bruder 2015).

The anticipatory guidance of attention, coupled 
with the prevalence of look-ahead fixations (Lehtonen 
et  al. 2013; Pelz and Canosa, 2001), confirms that 
expectancy serves as the primary driver for visual 
monitoring of salient events in the traffic environment 
(Wickens et  al., 2001). Barzantny (2024) notes that this 
phase is particularly critical for failure detection and 
thus a key target for training interventions.

Monitoring as a collaborative task: the influence 
of communication

In complex socio-technical systems, oral communica-
tion—the verbal exchange of information and ideas 
(Carvalho, Vidal, and Carvalho 2007)—is a key ergo-
nomic resource and a “meta-teamwork process” 
(Papenfuss 2013). Traditional teamwork frameworks 
suggest that high-quality verbal exchange has been 
associated with the formation of Shared Mental Models 
(SMMs) (Andrews et  al. 2023; Carraro, Furlan, and 
Netland 2025; Esmaeili et  al. 2025) and the regulation 
of mental workload (MWL; Hasse, Grasshoff, and Bruder 
2014; Li-Wang et al., 2023; Möhlenbrink et al., 2011). 
These communicative processes have been linked to 
systemic outcomes, including better failure detection, 
improved joint decision-making, and enhanced system 
safety (Bruder et al. 2019; Gorman, Cooke, and Winner 
2006; Kim et  al. 2024; Yeong & Shah Rollah, 2016).

However, from an ergonomic and design perspec-
tive, a more fundamental system decision must be 
addressed first: whether a communication channel 
should be enabled or restricted at all (Bednar and 
Welch 2020; Pöhler et  al. 2025; Kusk, Nouwens, and 
Lee 2026). This baseline distinction is critical because 
introducing a communication channel is not a neutral 
system parameter; depending on task demands, it car-
ries inherent trade-offs between collaborative support 
and potential distraction (Idaszak 1989; Brummelhuis, 
Hoeven, and Toniolo-Barrios 2021; Venkatesha Murthy 
et  al., 2025).

To provide an empirical foundation for this system 
decision, the present study uses eye tracking to exam-
ine how the mere opportunity to communicate—
regardless of its content—influences visual information 
acquisition. Using eye-movement metrics (TTTFF, RFC, 
RDT, MFD), which have been established in prior work 
as indicators of perceptual speed, attentional focus, 
sustained attention, and processing depth, respectively 
(Friedman and Liebelt 1981; Byrne et  al. 1999; Jacob 
and Karn 2003; Pannasch 2003), we examine how the 
mere opportunity to communicate influences visual 
attention patterns.
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Prior research has shown that rich communicative 
content enhances failure detection (Harrison et  al. 
2024; Dong and Li 20254) and that explicit verbal 
exchanges guide visual search towards critical cues 
(Kontogiannis and Malakis 2009; Niehorster et al. 2019). 
Applying this rationale to communicative availability, 
we hypothesise that the mere opportunity to commu-
nicate leads to shorter TTTFF, reflecting faster visual 
attention allocation to failure-relevant events (Byrne 
et  al. 1999; Rötting 2001; Joos, Rötting, and 
Velichkovsky 2003).

Moreover, while prior research demonstrates that 
rich verbal exchange provides attentional guidance and 
stabilises focus on task-relevant information to mitigate 
change blindness (Knott et  al. 2007; Tollner-Burngasser 
et  al., 2010), we assume that the mere opportunity to 
communicate exerts a comparable effect on visual 
attention. Specifically, we expect that the opportunity 
to communicate will lead to higher RFC, indicating 
heightened attentional focus (Rötting 2001; Jacob and 
Karn 2003; Poole and Ball 2006), and longer RDT, 
reflecting sustained attention (Friedman and Liebelt 
1981; Pieters, Rosbergen, and Hartog 1996; Ryan and 
Cohen 2004) to failure-relevant events.

In addition, prior work indicates that rich communi-
cative content is associated with deeper failure com-
prehension (Wu, 2020; Lin, Hou, and Chang 2022). 
Given that MFD has been established as an indicator 
of processing depth (Fitts, Jones, and Milton 1950; Just 
and Carpenter 1976; Velichkovsky, 2001; Pannasch 
2003), we hypothesise that the mere opportunity to 
communicate similarly leads to increased MFD for 
failure-relevant events.

Based on these assumptions, we propose:

H1: Communication eye movement metrics for 
failure-relevant events. Specifically, compared to a 
baseline of no communication, this effect manifests as:

•	 H1a: shorter TTTFF,
•	 H1b: a higher RFC,
•	 H1c: longer RDT, and
•	 H1d: longer MFD.

However, research on monitoring phases (Hasse and 
Bruder 2015; Bruder and Hasse 2020) suggests that the 
effect of communication availability on eye-movement 
metrics varies across the timeline of a failure event, 
leading to the following interaction hypothesis:

H2: The effect of communication availability on the 
visual processing of failure-relevant events varies 

across monitoring phases, being most pronounced 
during the anticipation phase, followed by the detec-
tion phase. Specifically, compared to the other phases, 
this effect manifests as:

•	 H2a: shorter TTTFF,
•	 H2b: a higher RFC,
•	 H2c: longer RDT, and
•	 H2d: longer MFD.

The novelty of this study lies in providing the first 
fine-grained quantification of individual eye-movement 
patterns during collaborative monitoring, comparing 
conditions with and without communication availabil-
ity. By focusing on eye-movement metrics (TTTFF, RFC, 
RDT, MFD), we offer objective evidence of how the 
mere structural opportunity to communicate— 
regardless of its content—influences individual eye- 
movement patterns, with potential implications for 
adaptive safety in socio-technical systems.

Method

A monitoring task was designed to examine how the 
opportunity to communicate influences monitoring 
behaviour in a group eye-tracking context. We selected 
teams of three to work together in the monitoring 
task, as this represents a small group, which is a suit-
able size for investigating team processes (Hackman 
2002). Moreover, Steiner (1972) found that groups of 
three to five people tend to achieve better results than 
groups of two people due to better distributions of 
tasks and communication among members. Thus, we 
chose teams of three to balance the opportunity to 
study team processes with analytical tractability. The 
monitoring task was part of a Control Centre Task 
(ConCenT) simulation (Schulze Kissing, 2016), which 
was combined with three eye trackers. To determine 
whether and, if so, which attentional processes are 
affected by communication, diverse eye-tracking 
parameters were used to measure specific attentional 
processes. To identify which specific monitoring phase 
in the overall monitoring process was most affected by 
communication, eye movements were categorised into 
monitoring phases. Figure 1 illustrates the overall test 
scenario of the monitoring task with a total of 48 inter-
vals, three of which are failure intervals (marked in 
red). In each interval, the participants should go 
through the four phases—identification, verification, 
anticipation and detection—whereby a failure can only 
be detected in the failure intervals.
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Simulation tool ConCenT

ConCenT was developed and validated to investigate 
psychosocial requirements for control room operators 
under controlled conditions (for further information: 
Bruder, Schadow, and Schulze Kissing 2019; Schulze 
Kissing, 2016). This includes monitoring for deviant 
system behaviour (monitoring task), identifying the 
cause of system deviations (diagnosis task), and decid-
ing on how to fix the problem (remedy task). Although 
the three tasks—monitoring, diagnosis, and remedy—
built upon each other, their construction and design 
within ConCenT allow them to be treated inde-
pendently. Since this paper presents findings that are 
concerned with the monitoring task, this task is 
described in more detail.

Monitoring task

Each team of three worked simultaneously, with individ-
uals were separated by room dividers into partitioned 

areas, each equipped with a computer and eye-tracking 
system. Figure 2 shows the integrated testing environ-
ment consisting of one test leader station (left) and 
three workstations.

At each workstation, operators had to monitor nine 
gauges, each displaying production output of one pro-
duction facility. Three power station gauges displayed 
the energy status of one production site (see Figure 3).

Although the view of the power station gauges was 
shared by all three operators, each operator had a spe-
cific view on their own nine production facilities. To 
the right of each gauge of a production facility, two 
related response buttons labelled ‘Diagnose’ and ‘All 
Clear’ were displayed.

Regardless of communication availability, partici-
pants were required to monitor the gauges and corre-
sponding power stations to detect system failures.

Therefore, participants had to learn how the 
automated system worked under normal conditions 
by continuously comparing the behaviour of the 

Figure 1. I llustration of the test scenario including the intervals and monitoring phases.

Figure 2. I ntegrated testing environment.



Ergonomics 5

energy displays with that of the individual produc-
tion line gauges.

The normal status occurred when the production 
behaviour of individual gauges was reflected in the 
energy display level. The inherent logic of the monitor-
ing task was that the energy level of the energy dis-
plays could only be high if more than one production 
gauge, which together with the corresponding energy 
display belongs to a production line, increased pro-
duction. In other words, if only one production facility 
within a production line increased production, the 
energy indicator could not be high; if it was high, this 
indicated an abnormal process (i.e., a failure).

Participants learned that a failure was always pre-
ceded by a critical situation, which occurred when two 
conditions were met:

1.	 At just one gauge across in an entire produc-
tion line, the tolerance range and then the cur-
rent value changed.

2.	 The associated energy level turned red, indicat-
ing abnormally high energy.

When both conditions were met, the gauge became 
critical and required closer monitoring. If the critical 
gauge’s value subsequently exceeded the tolerance 
range, this indicated a failure. At this point, the critical 
gauge was visible to everyone on the corresponding 
display, enabling failure detection even without com-
munication. In other words, while all participants 

usually only saw their own production site displays, 
they all saw the same display in the event of a critical 
gauge. Then, if the participants detected a failure, they 
were expected to press the ‘Diagnose’ button as 
quickly as possible. If the critical gauge’s value returned 
to the tolerance range, it indicated no failure, and par-
ticipants were expected to press the ‘All Clear’ button.

Each participant completed two test scenarios, each 
of which consisted of 48 30-second intervals. Of these, 
24 were critical intervals, with failures occurring in 
three of them.

At the beginning of each interval, participants had 
to (a) check whether the first precondition for a critical 
gauge was met; (b) check whether the second precon-
dition for a critical gauge was met; (c) closely monitor 
the critical gauge if it turned into a failure; (d) detect 
and report failure or give the all-clear within four sec-
onds. Prior pilot testing confirmed that four seconds 
are sufficient to make a decision within the scope of 
the experimental task.

Experimental design

To investigate the impact of communication availability 
on monitoring relevant events, the monitoring task was 
designed so that it could be performed with or without 
communication (Figure 4). The independent variable 
was operationalised by manipulating radio communica-
tion across two conditions. In the ‘communication off’ 
condition, the radio was deactivated, and participants 

Figure 3. M onitoring screen of ConCenT containing the displays of nine production facilities and three power stations, which are 
distributed over three locations.
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were told the device had failed and that they had to 
monitor independently without team contact. In the 
‘communication on’ condition, radio communication 
was available. However, participants were instructed to 
restrict their communication to task-relevant informa-
tion, specifically the fulfilment of preconditions for crit-
ical events, critical gauges, and the occurrence of 
failures. In both conditions, the participants were 
required to monitor critical gauges to detect and report 
failures. Experience with computer games and with 
computers in general was surveyed as potential covari-
ates. In addition, situational factors, such as noise and 
room lighting, were controlled or held constant. Two 
scenarios were developed to allow variation in both the 
monitoring and remedy tasks. Of these, only Scenario 1, 
which compared ‘communication on’ and ‘communica-
tion off’ groups, is relevant to our research questions.

The dependent variables assessed cognitive and 
behavioural dimensions of monitoring (e.g., perceptual 
speed, attentional focus, and processing depth), which 
were operationalised via diverse eye-tracking parame-
ters. Additionally, failure detection performance was 
assessed as a complementary outcome (see 
Measurements for a detailed description of all metrics).

Eye-Tracking equipment

Eye movements were recorded remotely by using the 
Eye Follower System (LC Technologies, Inc.). The sys-
tem operated at 120 Hz and was combined with the 
simulation tool ConCenT to ensure that both systems 
used the same timestamp. The fixation-detection algo-
rithm was set with a minimum sample for fixation 
detection of six gazes on a particular screen point—
within the deviation threshold of 25 pixels.

Participants

The sample consisted of 144 participants, that is, 48 
teams of three participants. Of this total, 15 teams 

consisted of applicants for air traffic control training 
(ATC) at DFS (Deutsche Flugsicherung: German Air Traffic 
Control), while the remaining 33 teams involved stu-
dents from different universities. All participants were 
between the ages of 18 and 49 (M = 23.01, SD = 5.03), 
51% were female. To ensure sample homogeneity, we 
tested for performance differences by gender and par-
ticipant type (students vs. aviation applicants). 
Single-factorial ANOVAs revealed no significant differ-
ences across all three performance parameters for either 
gender or participant type (all F ≤ 1.01, all p > .05). All 
participants had either corrected or normal vision. ATC 
participants were recruited personally at DLR (German 
Aerospace Centre), Hamburg, and compensated with 
€25. Students were recruited via social media and with 
flyers posted on the campus of the University of 
Hamburg. In addition to the €25 participation payment, 
students received an extra €10 as reimbursement for 
their time and travel to the test site. This study was con-
ducted in accordance with the model code of ethics of 
the European Federation of Psychologists’ Associations 
(https://www.efpa.eu/model-code-ethics) and the 
Declaration of Helsinki (ethics committee: DLR e. V., 
Geschäftsstelle Forschungsethik, 51170 Köln, Germany, 
approval number: 13/25). Participants were informed 
that their data will be evaluated anonymously, and they 
confirmed their voluntary participation in a study partic-
ipant contract. All participants provided written informed 
consent prior to their participation.

Procedure

After filling out a demographic questionnaire, partici-
pants were instructed to assume the role of control room 
operators, receiving information about system monitor-
ing, failure diagnosis, and problem-solving tasks (Figure 
4). After a 10-minute practice scenario where they famil-
iarised themselves with how to anticipate, detect, and 
report deviations from standard processes, the partici-
pants were calibrated to the eye-tracking system.  

Figure 4. I llustration of the experimental design and the procedure.

https://www.efpa.eu/model-code-ethics
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They then completed the first 45-minute test scenario, 
followed by a short break, recalibration, and the second 
45-minute test scenario. Finally, a post-experiment 
(debriefing) interview with manipulation check was con-
ducted to assess participants’ perceptions of the study 
procedures. At the end, the participants were compen-
sated. The total duration of the experiment was 2.5 hours.

Measurements

With regard to failure-detection performance, the 
number of correctly detected failures, response time, 
and the number of false alarms (incorrectly reported 
failures) were measured.

Eye movements were recorded while monitoring 
the distributed production processes as well as report-
ing system deviations. Eye-tracking data were auto-
matically categorised into monitoring phases and 
related to relevant AOIs through the event parser in 
the NYAN Software. The event parser synchronised eye 
movements with logged simulation events, enabling 
gaze data extraction based on start/end times or event 
names. For each monitoring phase time frame, rele-
vant AOIs were defined.

Defining AOIs
The definition of AOIs was directly connected to the 
operations of the automatic system, which could 

potentially encounter a failure. Fixating on these AOIs 
at the appropriate time should indicate ideal monitor-
ing behaviour and enable operators to identify critical 
situations, anticipate, and detect failures. Figure 5 illus-
trates the AOIs in the anticipation phase, exemplified 
for an interval with a failure at the production line in 
the middle.

Eye-Tracking parameters
To assess attentional focus—specifically whether com-
munication influences the frequency and duration of 
gaze on relevant task elements—we employed relative 
rather than absolute eye movement measures. This 
approach follows the argument that relative parame-
ters are more informative for capturing gaze behaviour 
(Rötting 2001; Hasse and Bruder 2015). RFC was calcu-
lated as the ratio between the number of fixations on 
relevant AOIs and the total number of fixations within 
a given time frame. RDT was calculated as the ratio 
between the time spent on relevant AOIs and the total 
time spent on all AOIs. Both metrics result in a ratio 
ranging from 0 to 1, where higher values indicate a 
stronger attentional focus on task-relevant information.

To investigate whether the opportunity to commu-
nicate leads to a more intensive analysis of task-relevant 
information, we employed the MFD, calculated as the 
average duration (in ms) of all fixations on rele-
vant AOIs.

Figure 5. I llustration of the AOIs on the monitoring screen. Two relevant AOIs are highlighted in red, with all other AOIs shown 
in blue.
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To investigate whether communication enables 
team partners to locate relevant information more effi-
ciently, we analysed the TTTFF, measured as the time 
(in ms) elapsed until a participant first fixates on a rel-
evant AOI.

Monitoring phases
The definition of time frames (times of interest) for 
eye-tracking data organisation was based on the moni-
toring phases of the normative model of monitoring 
behaviour (Bruder et. al, 2014). Specifically, these phases 
corresponded to the task steps within a monitoring 
interval: (1) identification, (2) verification, (3) anticipa-
tion, and (4) detection (see also section Monitoring Task).

Unlike previous studies using alternative simulation 
tools (Hasse and Bruder 2015), ConCenT does not 
remain static at the beginning of each monitoring 
interval. Thus, instead of a “classic” orientation phase, 
ConCenT includes two orientation steps: the identifica-
tion and the verification phase. During the identifica-
tion phase, participants had to check whether the 
tolerance range and current value changed for just 
one gauge in a production line, which represents the 
first precondition for a gauge to become critical. 
During the subsequent verification phase, participants 
confirmed whether the previously identified gauge 
was actually critical. They checked whether the associ-
ated energy level turned red, indicating abnormally 
high energy. Only if this condition was met was the 
gauge classified as critical, requiring closer monitoring 
in the subsequent phases.

Following previous work (Hasse and Bruder 2015; 
Bruder and Hasse 2020), the anticipation phase was 
defined as the time before a possible failure, and the 
detection phase as the window in which a failure 
could occur. Conversely, the recheck phase was omit-
ted from the task design, as previous research indi-
cated it is not empirically reflected in eye-tracking 
data (e.g., Bruder and Hasse 2020).

Data selection and cleaning

Of the 144 participants, 140 passed the calibration 
process successfully; thus, only four eye-tracking data-
sets were excluded due to participant-specific tracking 
difficulties. Nine participants experienced short-term 
tracking disturbances during data recording which led 
to inaccuracies in the data identified via outlier analy-
sis (standard deviation). These nine participants were 
excluded from the subsequent analyses, resulting in a 
final eye-tracking sample of N = 131 (69 in the ‘commu-
nication on’ condition, 62 in the ‘communication off’ 
condition). For performance measures, no data were 

lost, so all 144 participants are included in the follow-
ing analyses.

To evaluate the effect of communication availability 
on monitoring behaviour, a three-factor mixed 
MANOVA was initially planned, including communica-
tion availability (between-subjects), monitoring phase 
(within-subjects), and interval (within-subjects, 6 levels: 
3 failure intervals corresponding to the three failures 
in the scenario and 3 a priori selected, structurally 
identical critical intervals as high-risk non-failure con-
texts to ensure comparability). However, preliminary 
assumption checks revealed a severe homoscedasticity 
violation; due to insufficient cell sample sizes relative 
to the model’s complexity (N = 52), Box’s M Test could 
not be computed. Diagnostic checks confirmed that 
this instability was driven by extreme variance hetero-
geneity in the third critical interval. To establish a 
mathematically valid and robust statistical framework, 
the model was simplified to a two-factor MANOVA 
(communication availability x phase) by removing the 
factor Interval. The problematic third critical interval 
was excluded, and data were aggregated across the 
remaining five intervals. This adjustment successfully 
resolved all multivariate assumption violations and 
allowed the analysis to be run for the full available 
sample of N = 131 participants, maximising statisti-
cal power.

To ensure robustness, we compared the results of 
the simplified two-factor MANOVA with those from the 
original three-factor model (where computable, N = 52). 
Despite the reduced power in the three-factor model, 
the pattern of significant effects for communication 
and phase remained consistent, with effect sizes in the 
same direction. This confirms that our substantive con-
clusions are robust to the specific interval selection 
and aggregation strategy.

Data analysis

For performance measures, team-level nesting was 
explicitly modelled as the primary analytical frame-
work. Intraclass Correlation Coefficients (ICCs) were cal-
culated for the three performance measures. 
Subsequently, univariate Mixed-Effects Models (LMMs) 
were fitted using Restricted Maximum Likelihood 
(REML) estimation with the experimental manipulation 
(communication on vs. off ) as a fixed factor and team 
identity (Team_ID) as a random intercept. This multi-
level approach ensures correct standard errors and 
accounts for potential variance inflation due to nested 
data structures.

For the main analysis of monitoring behaviour, the 
dependent variables (RFC, RDT, MFD, and TTTFF on 
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relevant AOIs) were evaluated using the 2 × 4 mixed-design 
repeated measures MANOVA established above.

To address the nested data structure (48 teams), 
Intraclass Correlation Coefficients (ICCs) were also cal-
culated for all eye-tracking metrics. While ICCs were 
negligible (< .10) for identification, verification, and 
detection phases, they reached up to 0.36 during the 
anticipation phases. To ensure these potential 
within-team dependencies did not compromise the 
validity of our results, we conducted sensitivity analy-
ses using Linear Mixed-Effects Models (LMMs) with 
teams as random intercepts for all variables with ICCs 
> .15. These analyses consistently replicated the 
MANOVA patterns. Consequently, the MANOVA was 
favoured as the primary framework because it accounts 
for the multivariate structure of the highly 
inter-correlated metrics, controls the experiment-wide 
error rate, and facilitates a holistic, interpretable analy-
sis of monitoring behaviour.

Results

The results are presented in two sections. First, the 
findings concerning participants’ performance data are 
detailed, which were analysed using LMMs. This is fol-
lowed by the results of the 2 × 4 mixed-design MANOVA 
conducted on the eye-tracking data, examining the 
main effects of communication availability and phase, 
as well as their interaction.

Performance data

The baseline model for detection rate indicated sub-
stantial team-level clustering (ICC = .534), confirming 
that 53.4% of the variance resided at the team level, 
thus validating the necessity of a multilevel approach. 
Controlling for team identity, the primary LMM revealed 
a statistically significant main effect of the experimen-
tal manipulation, F(1, 46) = 28.965, p = .000, η2 = .39. 
The detection rate was substantially higher when com-
munication was on (M = 59.78, SD = 32.77) compared to 
off (M = 27.29, SD = 19.28).

For false alarms, the baseline model yielded a negli-
gible team-level dependence (ICC = .030). The primary 
LMM revealed no statistically significant main effect of 

the experimental manipulation, F(1, 46) = .224, p = .638. 
Communication availability had no significant effect on 
the number of false alarms. For response time, the 
baseline model indicated an ICC = 0, demonstrating 
complete statistical independence at the team level. 
The primary LMM revealed no statistically significant 
main effect of the experimental manipulation, F(1, 46) = 
.062, p = .804. Communication availability had no signif-
icant effect on the number of response time. Table 1 
gives an overview on the descriptive statistics of perfor-
mance measures.

Effect of communication availability on eye-
tracking data

Assumptions for the repeated measures MANOVA were 
assessed. Box’s M test indicated a violation of the 
homogeneity of covariance matrices (Box’s M = 292.52, 
F(136, 50195) = 1.870, p < .001), and Mauchly’s test 
confirmed the violation of sphericity for all included 
parameters (p < .05). Minor violations of Levene’s test 
for the between-subjects factor were also noted for six 
dependent variables. Despite these violations, the 
MANOVA approach was maintained due to the nearly 
balanced group sizes (69 vs. 62), which ensures the 
robustness of multivariate tests. Consequently, Pillai’s 
Trace was chosen as the primary multivariate statis-
tic—recognized for its robustness against covariance 
violations—and the degrees of freedom for all 
within-subjects univariate F-Tests were corrected using 
the Greenhouse-Geisser estimates.

Multivariate tests indicated a significant effect for 
communication availability (F(4,126) = 14.28, p < .001; 
V = .31, partial η2 = .31) and phase (F(12,118) = 29.41, 
p < .001; V = .75, partial η2 = .75), as well as an interac-
tion between communication availability and phase 
(F(12,118) = 11.47, p < .001; V = .54, partial η2 = .54) on 
the eye-tracking parameters.

Univariate tests revealed that communication avail-
ability had a significant effect within the relevant AOIs 
on RFC (F(1,129) = 53.98; p < .001; partial η2 = .30), RDT 
(F(1,129) = 42.46; p < .001; partial η2 = .25), and TTTFF 
(F(1,129) = 8.36; p < .01; partial η2 = .06). Participants’ 
RFC and RDT on relevant AOIs were significantly higher 
when the participants could communicate than when 

Table 1.  Descriptive statistics for the performance parameters of the experimental conditions “Communication On” and 
“Communication Off”.

Detection rate (in %) Response time (in ms) False alarms (in %)

Communication N M SD M SD M SD

ON 75 59.78 32.77 2240 731 5.33 11.02
OFF 69 27.29 19.28 2209 678 6.76 17.92
All 144 44.21 31.62 2225 704 6.02 14.70
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they could not. In addition, participants’ TTTFF were 
significantly shorter with communication than without.

The phase factor had a significant univariate effect 
on all the eye-tracking parameters on relevant AOIs: RFC 
(F(2,286) = 47.19; p < .001; partial η2 = .27), RDT (F(2,283) 
= 40.73; p < .001; partial η2 = .24), MFD (F(3,363) = 
11.10; p < .001; partial η2 = .08) and TTTFF (F(3,339) = 
28.31; p < .001; partial η2 = .18). Descriptively, RFC and 
RDT peaked during the anticipation phase, whereas 
MFD was highest during the detection phase. TTTFF 
was shortest during the identification phase. Across 
parameters, the verification phase consistently elicited 
the lowest values or longest latencies, with post-hoc 
comparisons revealing significant differences between 
most phases (see Tables 2 and 3 for detailed values).

The interaction between the factors communication 
and phase had univariate effects on RFC [F(2,286) = 
37.69; p < .001; partial η2 = .23], RDT [F(2,282) = 24.30; 
p < .001; partial η2 = .16], MFD [F(3,363) = 5.07; p < 
.005; partial η2 = .04], and TTTFF [F(3,339) = 4.80; p < 
.005; partial η2 = .04]. Pairwise comparisons for RFC and 
RDT showed significant differences between the ‘com-
munication on’ and ‘communication off’ condition in 
the verification, the anticipation and detection phases 
(all p < .001) with higher values in the ‘communication 
on’ condition. As shown in Tables 2 and 3, as well as in 
the interaction plots in Figure 6, this difference was 
most pronounced during the anticipation phase.

For MFD, pairwise comparisons revealed no signifi-
cant differences between the communication condi-
tions across any of the phases (all p > .05). For TTTFF, 
a significant difference emerged exclusively during the 
detection phase (p < .001), with faster first fixations in 
the ‘communication on’ condition (see Figure 6).

Discussion

This study analysed how the mere opportunity to 
communicate affects eye-movement patterns during 
collaborative monitoring, thereby addressing a funda-
mental ergonomic design decision: whether a commu-
nication channel should be enabled or restricted at all 
(Bednar and Welch 2020; Pöhler et  al. 2025; Kusk, 
Nouwens, and Lee 2026). While prior work establishes 
that goal-directed communication enhances perfor-
mance (e.g. Gorman, Cooke, and Winner 2006; Kim 
et  al. 2024), we extended this scope by isolating the 
effect of communication availability and pairing it with 
objective eye-movement data.

The finding that 60% of failures were detected in 
the ‘communication on’ condition, compared to only 
27% in the ‘communication off’ condition, aligns with 
existing research showing that communication reduces 

failure susceptibility (Harrison et  al. 2024; Dong and Li 
2025). Crucially, while prior studies attribute this bene-
fit to the qualitative content of team speech, our 
results demonstrate that the mere structural opportu-
nity to communicate increases detection rates, even 
when explicitly accounting for team-level clustering in 
our mixed-effects framework. Notably, this perfor-
mance benefit was highly selective: communication 
availability increased detection success without alter-
ing response times or false alarm rates, indicating that 
higher detection rates were not simply bought at the 
expense of speed or accuracy trade-offs. Moving 
beyond these pure performance outcomes, our 
eye-tracking data allow us to reveal the associated 
attentional patterns that may explain this effect.

General effects of communication availability and 
monitoring phases

Irrespective of the specific eye-tracking parameter, the 
mere availability of a communication channel had a 
systematic effect on eye-movement metrics. This factor 
alone explained one third of the variance in the 
eye-tracking parameters, demonstrating a substantial 
effect on metrics that serve as indicators of attentional 
processes (Findlay and Gilchrist 2003). Additionally, the 
monitoring phase alone accounted for three quarters 
of the variance in the eye movements, suggesting that 

Table 2.  Table of means: relative fixation counts and relative 
dwell times by monitoring phase and communication 
availability.

Relative fixation counts 
(Proportion)

Relative dwell times 
(Proportion)

Communication on off on off

Identification .40 (.13) .38 (.12) .39 (.12) .38 (.11)
Verification .39 (.16) .24 (.07) .40 (.15) .27 (.10)
Anticipation .59 (.23) .32 (.08) .58 (.22) .35 (.13)
Detection .48 (.15) .33 (.10) .49 (.15) .36 (.10)

Note. SD in parentheses. Overall N = 131, Communication On Condition 
N = 69, Communication Off Condition N = 62.

Table 3.  Table of means: mean fixation durations and total 
times to first fixation by monitoring phase and communication 
availability.

Mean fixation duration 
(ms)

Total time to first 
fixation (ms)

Communication on off on Off

Identification 193.48 
(73.84)

209.23 
(75.33)

1.09 (.35) 1.05 (.27)

Verification 213.40 
(77.84)

214.04 
(62.28)

1.72 (1.12) 1.93 (.92)

Anticipation 227.49 
(79.34)

211.02 
(66.05)

1.41 (.87) 1.56 (.95)

Detection 231.63 
73.54)

220.83 
(68.25)

1.47 (.73) 2.11 (.83)

Note. SD in parentheses. Overall N = 131, Communication On Condition 
N = 69, Communication Off Condition N = 62.
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a phase-specific approach may be appropriate when 
explaining the variance in eye movements during 
monitoring. Ultimately, the interaction effect between 
communication and phase accounted for half the vari-
ance in the eye-tracking parameters (54%). This inter-
action demonstrated its substantial relevance, and 
highlights that a differentiated, phase-by-phase analy-
sis is essential for understanding how these 
eye-movement patterns are affected.

Main effect of communication availability

Overall, communication availability systematically had 
a systematic effect on eye-movement metrics, fully 
supporting hypotheses H1a, H1b, and H1c. Participants 
exhibited significantly higher RFC and RDT, alongside 
shorter TTTFF on relevant AOIs when communication 
was available.

These findings align with prior research: While rich 
communicative content enhances failure detection 
(Harrison et  al. 2024; Dong and Li 2025) and guides 
visual search towards critical cues (Kontogiannis and 
Malakis 2009; Niehorster et  al. 2019), our results show 
that the mere opportunity to communicate yields sim-
ilar effects on eye-movement patterns. Specifically, 
shorter TTTFF values, linked to perceptual speed in 
prior work (Byrne et  al. 1999; Rötting 2001; Joos, 

Rötting, and Velichkovsky 2003), reflect faster visual 
attention allocation to failure-relevant events. Similarly, 
higher RFC and longer RDT values, indicators of atten-
tional focus and sustained attention (Friedman and 
Liebelt 1981; Pieters, Rosbergen, and Hartog 1996; 
Jacob and Karn 2003; Ryan and Cohen 2004; Poole 
and Ball 2006), demonstrate enhanced prioritisation 
and maintenance of focus on critical information. Thus, 
our findings extend prior work showing that verbal 
exchange improves performance through prioritising 
task-relevant information (Poole and Ball 2006; Knott 
et  al. 2007; Tollner-Burngasser et  al., 2010). Crucially, 
our results reveal that these effects occur regardless of 
teamwork quality, suggesting that the mere opportu-
nity for communication is sufficient to influence 
eye-movement patterns in ways that may contribute 
to operators’ orientation towards critical events.

Conversely, H1d was not supported; MFD did not 
differ between conditions, indicating that communica-
tion availability did not affect MFD, a measure linked 
to processing depth in prior work (Velichkovsky, 2001; 
Pannasch 2003).

Phase-dependent communication effects

Regarding the phase-specific effects, hypotheses H2a, 
H2b and H2c were fully supported. For RFC and RDT 

Figure 6. I nteraction effects of communication (2 levels: communication, no communication) and monitoring phase (4 levels: 
identification, verification, anticipation, detection) on eye tracking parameters (estimated marginal means), such as relative fixation 
counts relative dwell times, mean fixation durations, and total times to first fixation.
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(H2b, H2c), the effects of communication availability 
spanned across multiple phases—being most pro-
nounced during the anticipation phase, remaining 
highly significant during the detection and verification 
phases, and vanishing only in the identification phase. 
Crucially, H2a was supported as a localised effect: a 
significant acceleration in TTTFF emerged exclusively 
during the detection phase. Conversely, H2d was not 
supported, as MFD did not differ significantly between 
conditions in any phase.

The prominence of the anticipation phase for RFC 
and RDT aligns with earlier findings (Hasse and Bruder 
2015; Barzantny 2024) and research on look-ahead fix-
ations for advanced planning (Lehtonen et  al. 2013; 
Pelz & Canosa, 2001). In this pre-event window, partic-
ipants showed anticipatory fixation patterns, consistent 
with Wickens et  al. (2001), who posited that monitor-
ing is driven by the expectation of critical traffic events.

Once the failure manifested in the detection phase, 
RFC and RDT were joined by a significantly faster fail-
ure recognition (TTTFF). This pattern of eye-movement 
metrics aligns with teamwork literature showing that 
oral communication speeds up team processes and 
enhances failure detection (Salas et  al. 1995; Gorman, 
Cooke, and Winner 2006; Carvalho, Vidal, and Carvalho 
2007; Bruder, Schadow, and Schulze Kissing 2019).

However, the lack of differences in MFD across all 
phases underscores that while communication avail-
ability affects eye-movement metrics such as RFC, RDT, 
and TTTFF, it did not affect MFD, a measure linked to 
processing depth in prior work (Velichkovsky, 2001; 
Pannasch 2003).

Conclusion

In summary, this study demonstrates that communica-
tion availability influences eye-movement patterns 
during collaborative monitoring of automated systems. 
Our findings show that the mere opportunity to com-
municate increases RFC and RDT on failure-relevant 
events across all phases, particularly in the anticipation 
phase, and reduces TTTFF in the detection phase. By 
identifying these patterns, we demonstrate how com-
munication availability modulates visual attention. 
Ultimately, these effects may contribute to improved 
monitoring and anticipation of failures in team settings.

Practical implications

These findings offer valuable implications for work-
place design, personnel selection, and operator train-
ing in highly automated environments. From an 
ergonomic perspective, introducing a communication 

channel is not a neutral system parameter; depending 
on task demands, it carries inherent trade-offs between 
collaborative support and potential distraction (Idaszak 
1989; Brummelhuis, Hoeven, and Toniolo-Barrios 2021; 
Murthy et  al., 2025). Effective ergonomic design should 
consider communication channels not just as optional 
features, but as essential elements that influence indi-
vidual eye-movement patterns. As these eye-movement 
patterns have been shown to be associated with 
focused, sustained, and rapid attention allocation to 
failure-relevant events (Friedman and Liebelt 1981; 
Byrne et  al. 1999; Jacob and Karn 2003; Pannasch 
2003), communication channels may thus contribute 
to improvements in human monitoring performance 
and, consequently, overall system safety.

Personnel selection and training may benefit from 
targeting both individual and team monitoring capa-
bilities. The ConCenT monitoring task combined with 
eye tracking offers a promising tool for evaluating 
team monitoring behaviour, which may serve as a 
foundation for developing future selection and train-
ing programs.

Results suggest that a special focus should be 
placed on the anticipation phase when selecting or 
training future personnel working in control rooms, 
specifically regarding attention allocation across rele-
vant AOIs (in terms of RFC, RDT, and TTTFF). While 
bounded by the specific task structure of our simula-
tion, these ergonomic insights offer tentative design 
considerations for other team-based domains—such as 
distributed command and control centres or collabora-
tive robotics—where rapid attention allocation and 
reduced attentional gaps are critical.

Limitations and future research

In our study, we opted for groups of three as this pro-
vides a good balance between the opportunity to 
study the team processes and the need to analyse the 
results. Further research is needed to confirm that our 
results are also relevant for groups of other sizes.

The focus of the present study was on the effects 
of communication availability on eye-movement met-
rics, where the opportunity for verbal exchange was 
treated as an independent factor. Whether these 
eye-movement patterns reflect deeper cognitive cali-
bration, the formation of SMM (e.g., Andrews et  al. 
2023; Carraro, Furlan, and Netland 2025; Esmaeili et  al. 
2025), or workload reduction (e.g., Hasse, Grasshoff, 
and Bruder 2014; Li-Wang et  al., 2023; Möhlenbrink, 
2011) remains an open question for future 
process-based analyses (e.g., through transcript cod-
ing). In this regard, eye tracking measures could be 
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combined with psychophysiological or subjective 
workload scales to investigate how qualitative commu-
nication patterns shape cognitive work regulation.

A methodological consideration concerns the team- 
level variability and potential statistical dependencies. 
Because teams were free to interact when communica-
tion was enabled, the specific quality, timing, and style 
of verbal interaction naturally varied from team to 
team. This unmeasured qualitative variation introduced 
statistical clustering at the team level for the failure 
detection rate and anticipatory gaze behaviour. To 
account for these team-level dependencies, we 
employed LMMs, confirming that our primary findings 
remain robust. Nevertheless, because qualitative verbal 
protocols were not recorded or coded, the exact inter-
action dynamics driving this team-level variance 
remain an open question. Future research should com-
bine eye-tracking with content analysis to explore how 
specific interaction styles modulate these structural 
effects.

Standard eye-tracking metrics, including RFC, RDT, 
TTTFF, and MFD in relation to predefined AOIs, charac-
terise individual visual attention (e.g. Friedman and 
Liebelt 1981; Byrne et  al. 1999; Jacob and Karn 2003; 
Pannasch 2003). However, analysing these parameters 
at the team level—specifically examining inter-team 
variations, similarities, and dependencies—offers the 
potential for a comparative understanding of collabo-
rative versus individual monitoring performance. This 
represents a promising future approach for analysing 
eye-tracking data collected in group eye-tracking 
contexts.
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