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ABSTRACT 

In Human-machine interaction, information is communicated between a human and 

the machine via user interfaces. Consequently, the measures and level of insights that 

can be derived from such studies will be dependent upon the context under which the 

experimental setup was designed for. This paper highlights a successful highly 

synchronous human-in-the-loop (HITL) experimental system that can be used to 

measure situational aware-ness in Air Traffic Monitoring. The system setup consists 

of a NARSIM radar interface that displays the relevant aircraft information, a 

secondary control computer for the recording processing, and storage of the captured 

neurophysiological inputs, a remote eye tracker, and an electroencephalogram (EEG), 

the latter two of which provide the input. In setting up such a system, discussion of 

key design consideration on system compatibility and information transferability, 

spatial and resolution accuracy, data input sources and synchronization, software 

selection, and the ease of results validation will be made.  

Keywords: Design Process, Human-Machine Systems, Human-system Integration, 
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INTRODUCTION 

The pervasiveness of automation in the lives of the modern human highlights the 

importance of Human-Machine Interaction (HMI) – which involves two-way 

communication between the machine and the user (Liu et al., 2018; Zhang, 2010). 

HMI models can be utilized to analyze these interactions systematically and 

quantitatively; a feedback loop is also formed between the operator and the system. 

Through an interface, the machine’s information output allows the operator to provide 

feedback input to control, monitor and interact with the hardware and software 

through images, mouse-clicks, and key-board commands, all presented on a display 

screen (Zhang, 2010). When conducting HMI studies, it is important to have human-

in-the-loop (HITL), enabling outcome adjustments by the user in response to events 

happening in the simulations (Tomaszewski, 2021). Their physiological properties 

captured by biosensors would then be able to serve as an evaluation tool for training 

purposes and decision studies through the eye-tracker, the electrocardiogram (ECG), 

or electroencephalogram (EEG). Furthermore, HITL allows human-machine 

teaming, achieving solutions that neither the human nor machine can achieve on their 

own. An example of a HITL study would be the simulation conducted by the Federal 

Aviation Administration (FAA) as an assessment method allowing Air Traffic 

Control Officers (ATCOs) to evaluate new automated processes by controlling 

simulated traffic while monitoring the influence of newly introduced protocols 

(Sollenberger et al., 2005). To create effective studies and realistic experimental 

designs, it is often a good practice for the experiments to be highly synchronous, for 

the real-time capture of physiological response within 100 milliseconds (ms), which 

is perceived as instantaneous (Miller, 1968).  
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This paper discusses the design of a human-in-the-loop experimental setup for an 

ATCO Controller Working Position (CWP). Five design considerations in setting up 

the system will be discussed namely 1) system compatibility and transfer of 

information, 2) spatial and resolution accuracy, 3) data input sources and 

synchronization, 4) software selection, and 5) the ease of results validation. In Section 

3, the detailed specifications in the current setup, including a 1:1, 1920 x1920 px Full 

High Definition (HD), radar display interface that exhibits aircraft information, a 

secondary Windows 10 control computer with 16 GB Random Access Memory 

(RAM) for the re-cording and processing of the captured neurophysiological inputs, 

a remote eye tracker with 30 Hz capture rate, and an electroencephalogram (EEG) 

with 256 Hz sampling rate will be presented. After factoring in these design issues, a 

successful setup has been established, with raw data from various devices 

synchronized on a single system time within 100 ms. 

SYSTEM DESIGN CONSIDERATIONS 

System Compatibility and the Transfer of Information 

In designing a Human-in-the-Loop (HITL) system, due consideration should be given 

to the compatibility of the various systems in the same framework within which the 

components interact. This is achieved by ensuring that the two or more component 

systems involved can interact successfully within the same environment. Further, 

each part must also perform their expected tasks independently without hindrance to 

the effectiveness and workability of the other parts (Pwolf, 2009). Achieving this 

requires checking the input and output requirements of the various components to 

ensure that their computing specifications can be met by both the hardware and 

software applications to be used. In our CWP setup, radar simulations were run at a 

refresh rate of 60 Hz and re-quires a minimum bandwidth of 6.64 Gbp/s for data 

transfer. Proper bandwidth integration according to the bandwidth requirement allows 

for undisrupted operation. This element is crucial especially for setups aiming to 

satisfy the real-time criterion. 

Spatial and Resolution Accuracy 

Where eye tracking is concerned, proper spatial set-up and resolution accuracy is 

important in the collection of quality data (Funke et al., 2016). An inadequate degree 

of accuracy may result in difficulties processing fixations that are near two aircraft 

markers due to the larger buffer region required on each marker. These accuracies are 

affected not only by hardware limitations but also highly dependent on attributes of 

the experimental set-up such as screen size, screen resolution, aspect ratio, size of 

stimuli and distance of the participant eyes from the screen. In the pursuit for a more 

ecologically valid experiment, display screens used such in air traffic control 
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environments are usually more than 28 inches. However, most eye trackers have a 

lower recommended screen size (22 – 25 inches), resulting in unregistered screen 

fixations. In these scenarios, eye trackers were offset away from the screen to obtain 

a larger capture area (See Fig. 1). 

 

Figure 1: Eye tracker setup with 18cm offset from the radar display (Wee, 2019). 

Another reason why offsetting of the eye tracker may be required is due to mismatch 

in aspect ratio. Aspect ratio pertains to the horizontal screen's size ratio to it vertical 

dimension. Mismatch in aspect ratios between the eye tracker’s recommended 16:9 

and actual 1:1 aspect ratio of display used is also a point of consideration. Depending 

on the aspect ratios, the coverage of the eye tracker's sensor may not fully encompass 

the display. Figure 2 – Left shows a representation of how variances in aspect ratios 

can affect experimental requirements.  

 

Figure 2 – Left:  Orange: 16:9 display; Blue: 1:1 display of   equivalent diagonal size; Green: 

Area of coverage required by eye tracker if 16:9 aspect ratio of eye tracker is fixed. Right: 

Representation of two neighboring stimuli 

The interplay between the stimulus size, screen resolution and distance are paramount 

to the spatial accuracy and precision obtained from the eye tracker (Holmqvist et al., 

2012). By offsetting the eye tracker away from the display while maintaining 

unchanged distance from participants, the eye tracker’s capture area can be 

effectively managed (from the orange area to the green area), capturing the area of 

screen not observed by the eye tracker under non ideal conditions (See Fig. 2 – Left). 

Stimuli sizes that are small in nature will require a higher degree of accuracy as larger 

buffer regions around individual stimuli are undesirable due to the confoundment 

when assigning fixations to individual stimuli within the same vicinity (See Fig. 2 – 

Right). This buffer region has a 35-pixel tolerance radius with our current set up 

(Wee, 2019). To facilitate the visual clarity of stimuli, especially for detailed 

environments, a higher resolution screen, along with minimal offset of the eye tracker 

from the screen, is desired. The HDMI splitter used in the experiments has a built-in 

equalizer, a re-timer, and drivers, providing video output resolution and 

synchronization up to 4K at 60Hz in 24 bits RGB. This in turn provides for visual 

clarity of stimuli to the participants on the output radar display. 
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Data Input Sources and Synchronization 

Proper synchronization of different input sources is a point of consideration in the 

attempt for quality and accurate data output. Synchronization can be achieved by 

storing and integrating data from different devices firstly in a single data format, and 

secondly, on the same timeline. When performing our HITL studies, the output from 

the Tobii eye-tracker (30Hz capture rate), integrated into the system with a maximum 

error of 33ms (Wee, 2019), is mapped onto the same timeline as the Muse EEG, which 

samples at 256Hz with a maximum latency of 40 ms ( 20ms) (Krigolson et al., 2017), 

and processed by the iMotions (iMotions, Denmark) software for synchronization. 

This timeline uses the internal clock of the control computer to allow for better 

precision in capturing the required data. In this setup, a standard 13-digit posix 

timestamp representing the time recorded in milliseconds, is used that has passed 

since 00:00:00 Coordinated Universal Time (UTC), 1 January 1970. This reference 

point, first introduced by Unix operating systems, is known as epoch and it is 

independent of any other events (Wee, 2019; Matthew and Stones, 2008). This is not 

to be confused with the Windows Win32 epoch Filetime, which records time in the 

form of 100-nanosecond intervals since January 1, 1601. 

Software Selection 

The right software is an important consideration for the smooth running of HITL 

studies. Prior to the execution of software selection, a good practice is to define the 

requirements and functionality desired from the software for the study. This not only 

streamlines the data integration, but also aids in data processing. Table 1 illustrates 

some of the criteria used in the software selection. 

Table 1: Example of software selection criteria 

No. Criteria 

1 Data collection from multiple sensors (30Hz capture rate, 128 Hz and 256 Hz 

sampling rate compatibility) 

2 Automated and real-time synchronization of all sensor data on a single timeline 

within 100 ms 

3 Systematic integration and processing of data from multiple sources (e.g., Eye 

tracker, EEG and ECG devices) 

4 Common output file format (e.g. .CSV) 

5 Resolution accuracy of 4K at 60Hz in 24 bits RGB 

Ease of Results Validation 

The validation of data collected can be achieved by quantitatively analyzing the 

results, usually done via statistical analysis. However, before the assessment, data 

collected should be validated with ease, to allow room for efficiency in cross-

referencing of data and minimal humanistic errors in performance of results 

validation. Assessing the ease of results validation may be broken down into three 
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factors, namely: 1. the psychometric properties of instruments; 2. The consistency of 

experimental data; and 3. the readability of results. The psychometric properties of 

the instruments are defined as the validity and reliabil-ity of the instruments in the 

ability for them to measure and achieve their designed purpose. To make sense of the 

data generated from quantitative research instruments, it is necessary to understand 

their psychometric features (Fonseca et al., 2013). In this study, the NLR’s Air Traffic 

management Real-time SIMulator (NARSIM) radar display interface used has proven 

to be a reliable research tool for ATCO CWP studies (NLR, 2018). The Tobii Eye-

tracker is also a valid tool in the collection of ocular data and research involving eye-

tracking (Wee et al., 2019; Brand et al., 2020). The Muse EEG serves its purpose too 

in measuring the overall brain attentive monitoring activities of the participants 

(Wilkinson et al., 2020). The consistency of data can be achieved by the 

abovementioned synchronization method. As discussed, this is done by utilizing a 

single timeline for data collection, and a point-in-time synchronization method. This 

allows a higher degree of consistency and synchronization of data collected from 

different apparatus. Readability of output data measures the degree of complexity of 

the output data. Output data with clear and common format such as, but not limited 

to, comma separated values (CSV) to facilitate data cleaning and analysis. This would 

allow for easier data validation across multiple computerized systems saving complex 

manual post processing by improving the readability of data results. Psychometric 

properties of instruments, consistency of experimental data, readability of results 

when combined, would minimize complexity of output data, allowing results to have 

increased clarity and easier to be validated (1). 

ERV = P + C + R . 

ERV= Ease of results validation 

P = Psychometric properties of instruments 

C = Consistency of experimental data 

R = Readability of results 

(1) 

Experimental Design and Discussion 

 

Figure 4 – Left: Diagram of current human-in-the-loop setup. Right: Experimental setup 

with participant. (a) NARSIM, (b) Tobii Eye Tracker, (c) Muse Headband, (d) Control 

Computer, (e) Primary Screen, (f) Secondary Screen 
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Simulated radar events containing aircraft information (callsign, type, altitude, 

heading, groundspeed), which were displayed to the participants, acted as the 

experimental stimulus (Fig. 4). This forms the input to the next stage which requires 

a bandwidth of 6.64 Gbp/s transfer rate. Data input was then transferred by two HDMI 

cable outputs through the 1x2 OREI HDMI splitter capable of supporting up to a 

transfer rate of 18Gbps, and a video resolution of up to 4k at 60Hz in 24 bits RGB. 

The 2 outputs via the HDMI cables are connected to respectively: 1) a 1920 x 1920 

px resolution primary display monitor that forms the interface to the participants; 2) 

and a passive video grabber (Epiphan AV.io 4K, capable of supporting capture up to 

4K Ultra-High-Definition (UHD) that feeds into the control computer. For eye tracker 

calibration, it was performed on a screen display of 1:1 aspect ratio – where the radar 

simulations were run (at a refresh rate of 60Hz), the minimum bandwidth requirement 

was also 6.64 Gbp/s, hence the cables must satisfy these criteria. To ensure 

uncompromised data transfer quality, two middleware discussed earlier (the HDMI 

splitter and the Epiphan 4k video capture device) were used in this design setup, 

allowing streaming, and recording of stimuli to the control computer. This setup 

allowed the dual output of the input source without compromising the transfer quality. 

Where applicable, USB 3.0 were employed for integration with the computer. A 

secondary 1920 x 1920 px display monitor is also attached to the control computer to 

ensure matching screen resolution and aspect ratio with the primary display (see Fig. 

4). Eye tracking metrics from participants during experiments are then collected by 

the Tobii eye tracker with a capture rate of 30 Hz and neural signals by the Muse EEG 

Headband with a sampling rate of 256 Hz. Four active electrodes are present in the 

Muse headband (at channels AF7, AF8, T9 and T10), with a ground electrode located 

at Fpz, and two reference electrodes located on the left and right of the ground. These 

electrodes correspond to the international 10 – 20 electrode system. The Muse headset 

is also equipped with an on-board digital signal processing module for noise filtering 

(Wilkinson et al., 2020). The eye tracking data from Tobii, together with Muse EEG 

data, and the stimuli passed through the video capture device is synchronized in the 

control computer in real-time via the iMotions software. The recorded data from 

iMotions is saved as a common plain text CSV format and can be easily 

downloadable. This satisfies the readability criteria set out earlier. Input data were 

also synchronized by the iMotions software to ensure consistency across the different 

apparatus. This setup has proven to be a successful HITL design for our CWP studies.  

CONCLUSION 

A successful setup has been established capable of aligning physiological data 

streams to within 100ms, such that relational studies and interaction effects can be 

investigated. The synchrony of data streams can also facilitate smoother post-

experiment analytical processes, resulting in an overall, more efficient process and 

system for experiments. Key success factors include proper bandwidth integration 

according to the band-width requirement (60 Hz at 6.64 Gbp/s) that has enabled 

undisrupted operation, appropriate aspect ratio matching between display and eye 

tracker (offsetting eye tracker away from the display screen to capture required radar 

display area under non ideal conditions) and setting appropriate spatial and resolution 
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accuracy for high quality video output (of up to 4K) based on stimuli size and distance 

(with up to 35 pixel buffer radius according for offset). This offset approach has 

enabled the effective management of eye tracking area to accommodate larger 1:1, 

1920 x 1920-pixel display sizes such as those used in Air Traffic Control, capturing 

crucial eye parameters for training and decision studies. Lastly, an intermediary easily 

accessible format (CSV) serves as a useful medium for data compilation, mapping, 

and synchronization from the different neuropsychological and traffic simulation 

inputs. For timeline synchronization, the internal clock of the system (posix time), 

which is independent of all other events was utilized. The different equipment were 

mapped to this timeline for accuracy and consistency of output data. The maximum 

error for time delay of the eye-tracker (33ms) and the EEG (40ms) were also both 

within 100ms, which conforms to the defined real-time window. By considering the 

factors discussed in this paper, a successful HITL system was constructed to conduct 

ATCO CWP situational awareness, training, and decision studies in real-time. 
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