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Abstract 

Previous research suggests that the number of closed-circuit television (CCTV) feeds 

monitored in tunnel traffic control rooms affects operator mental workload and performance. 

Research suggests a maximum of 12-16 feeds per operator, but operators often monitor more. This 

study investigated how feed count affects subjective and objective mental workload and performance. 

In a within-subjects design, 16 operators monitored prerecorded traffic across 8, 16, or 24 feeds, 

responding to incidents via keypress, signaling incident detection. Subjective mental workload was 

assessed via NASA Task Load Index (NASA-TLX), objective mental workload was measured via 

blink rate and pupil diameter, and performance was measured using response count, total response 

time and post-fixation response time. Data were analyzed using mixed effects models, with 

Karolinska Sleepiness Scale scores as a covariate. NASA-TLX scores, blink rates, response counts 

and response times did not differ with the number of camera feeds. Feed count influenced pupil 

diameter, with post-hoc tests unexpectedly showing larger pupil diameters at 8 feeds than 24, 

potentially due to screen brightness differences. Overall, results suggest that tunnel traffic control 

room operators may be able to monitor up to 24 feeds while maintaining good performance and 

experiencing no substantial changes in mental workload when only two distinct scenes are displayed. 

This highlights the importance of the complexity of visual information alongside feed count alone. 
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Introduction 

Imagine sitting in front of a large video wall displaying many camera feeds from multiple 

tunnels. You are expected to monitor this large number of images and cannot miss anything of 

interest, while the number of feeds makes it difficult to monitor them all.  Most of the time, nothing 

noteworthy happens, but any missed incident could result in preventable injury. This is a daily reality 

for operators monitoring road traffic in tunnels. While modern systems can help operators in 

automatically detecting some incidents, they are not able to detect all relevant incidents yet. The 

operator remains as a last line of defense and is expected to monitor relevant camera feeds and 

automated systems.  

Sustaining attention across many feeds over extended periods of time is mentally demanding 

and exhausting. As the number of monitored feeds increases, mental workload increases as well. This 

study investigates how the number of monitored closed-circuit television (CCTV) feeds influences 

mental workload and operator performance in a monitoring task, a task frequently studied in vigilance 

research.   

Vigilance 

According to Davies and Parasuraman (1982), vigilance can be understood as the ability to 

sustain attention and to remain alert to stimuli over extended periods of time. This definition has been 

widely cited in vigilance literature (e.g. Warm et al., 2008) and fits the control room environment, 

which is why it was used in this thesis. Mackworth (1948) was one of the first to study the vigilance 

decrement, the finding that operator detection accuracy decreases over time, which sparked more 

research on the topic as a result. No explanation of the vigilance decrement is universally agreed 

upon, but an integrated perspective on explaining the phenomenon could offer the best explanatory 

power (Esterman & Rothlein, 2019).  

Mental Workload 

The present thesis used a definition of mental workload that is based on attentional resource 

theory. This theory posits that humans have limited attentional resources which can be allocated to 

multiple tasks (Kahneman, 1973). Mental workload was defined as follows: “The mental workload of 

a task represents the level of attentional resources required to meet both objective and subjective 

performance criteria, which may be mediated by task demands, external support, and past experience” 

(Young & Stanton, 2006, p. 818). Performance criteria can be imposed by external parties or represent 

one’s internal goals. Support can be provided by peers or technology. Past experience influences skills 

or knowledge, which in turn impact mental workload (Young & Stanton, 2004). Task demands are 

comprised of multiple task-related factors like time pressure and task complexity (Young et al., 2015). 

When task demands are increased beyond the available finite attentional resources, overload occurs, 
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leading to performance decrements (Young & Stanton, 2004). When task demands are too low and 

cause insufficient stimulation, underload occurs. Available resources either shrink or are redirected 

for different use, resulting in performance decrements (Young et al., 2015). Consequently, building on 

the Yerkes-Dodson law (Yerkes & Dodson, 1908), attentional resource theory predicts maximal 

performance when task demands and mental workload are optimal (Hancock, 1989) (Figure 1). 

 

Figure 1 

Performance, Activation Level and Mental Workload as a Function of Task Demands 

 

Note. From "State of science: mental workload in ergonomics" by M. S. Young, K. A. Brookhuis, C. 

D. Wickens, and P. A. Hancock, 2015, Ergonomics, 58(1). Copyright 2015 by Taylor & Francis. 

https://doi.org/10.1080/00140139.2014.956151 

 

Measuring Mental Workload 

The most common measurements of mental workload include subjective ratings, 

physiological measures and performance measures (Young et al., 2015). For subjective scales, which 

assume that higher mental workload and a higher use of attentional resources lead to higher perceived 

effort, one popular option is the NASA-TLX (Hart & Staveland, 1988). Supporting the use of 

subjective scales, higher task demands have been linked to higher subjective mental workload scores 

(Warm et al., 1996; Warm et al., 2008). Physiological measures reflect arousal and are assumed to 

indicate objective mental workload. Popular examples include blink rate or pupil diameter (For a 

review, see Charles & Nixon, 2019). Supporting the use of these measures, higher task demands and 

effort have been associated with lower blink rates (Brookings, 1996; Stern et al., 1994; Veltman & 

https://doi.org/10.1080/00140139.2014.956151
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Gaillard, 1996) and larger pupil diameters (Biondi et al., 2023; Halverson et al., 2012; van der Wel & 

van Steenbergen, 2018). Performance measures assume that higher mental workload results in a 

decrease in performance if task demands exceed operator capacity (Young & Stanton, 2004). 

Common performance measures include response times and response counts or rates. The use of these 

measures is supported by findings showing that increasing task demands are associated with longer 

response times and lower detection rates (Helton & Russell, 2013; Helton & Warm, 2008). 

Mental Workload and Human Performance  

Mental workload has been shown to have an impact on several operator related factors 

besides performance. Excessive mental workload has been linked to increases in health risks 

(Klonowicz, 1995), burnout (Akca & Küçükoğlu, 2020; Zanabazar & Jigjiddorj, 2022), absenteeism 

(Jalali et al., 2023), fatigue, and decreasing job satisfaction (Rostami et al., 2021). To mitigate these 

negative consequences, it is important to understand and manage factors influencing mental workload.  

One of these factors is task demands, which consist of task complexity and time pressure 

(Young et al., 2015). As mentioned above, higher task demands have been associated with higher 

objective and subjective mental workload. More specifically, in vigilance tasks, Warm et al. (1996) 

found subjective mental workload to increase with (1) a decrease in salience of critical signals, (2) an 

increase in spatial uncertainty of signal location and (3) an increase in event rate. These properties are 

especially relevant in CCTV-monitoring tasks. For instance, increasing the number of monitored 

CCTV feeds may may result in each feed occupying a smaller portion of the display, which could 

reduce the salience of critical signals as visual details in feeds become smaller. Additionally, 

monitoring a larger number of feeds may increase spatial uncertainty, as critical incidents can appear 

in a higher number of distinct feed locations. This also requires operators to divide their attention 

across more feed locations, increasing mental workload through higher attentional demands 

(Kahneman, 1973).  

In addition to task demands, sleepiness is another relevant factor influencing operator mental 

workload, as their schedule requires them to work at different times of day, even night shifts. Fighting 

sleepiness as well as a lack of sleep have been linked to higher subjective mental workload (Verwey 

& Zaidel, 2000; von Gall et al., 2023). Additionally, higher sleepiness has been associated with 

changes in pupil diameter (Morad et al., 2009), higher spontaneous blink rate (Barbato et al., 2007) 

and other blink parameters such as blink duration or reopening time (Caffier et al., 2003).  

Control Room Design and Mental Workload 

While sleepiness may not be a factor easily addressed by changes in control room design, task 

demands are. As task demands are influenced by interface design, improved designs have been linked 

to reduced operator mental workload (MacDonald, 1999; Yan et al., 2017). For CCTV monitoring, 

higher image complexity and a higher number of monitored feeds have been associated with higher 
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mental workload and lower detection rates (Gill et al., 2005; Neil et al., 2007; Pikaar, 2015; Warm et 

al., 1996). Past research has shown the maximum number of feeds that operators can monitor 

effectively while maintaining high detection rates to be 12-16 feeds per operator (Velastin, 2003, as 

cited in Schreibers et al., 2012; Wallace et al., 1997, as cited in Schreibers et al., 2012; Wood, 2007). 

Tickner and Poulton (1973), for instance, found detection rates of 83%, 84%, and only 64% when 

monitoring 4, 9, and 16 feeds in a security monitoring task, pointing toward serious decrements in 

detection performance for 16 feeds. These observations may be partly explained by the idea that 

scanning a higher number of feeds introduces a larger set size. Set size describes the number of items 

among which the target could appear (Lavie, 1995). According to perceptual load theory, perceptual 

load increases with set size, which leads to a higher use of attentional resources, which increases 

mental workload (Lavie, 1995). In addition to that, operators need more time to scan each tunnel 

when more feeds are presented per tunnel. This may increase time pressure, which has been linked to 

higher mental workload (Young et al., 2015). Importantly, introducing a higher number of feeds 

increases the number of information sources between which attention is divided. As the demands of 

each task between which attention is divided (in this case, the monitoring of each feed) drive 

performance (Kahneman, 1973) and mental workload, an increase in feeds increases mental workload, 

even if the demands for each feed are low.  

In practice, control room operators frequently monitor a high number of feeds. In one of the 

Dutch tunnel traffic control rooms cooperating with vhp human performance, the company where this 

research was conducted, operators monitored up to six tunnel tubes simultaneously, with up to 16 

feeds per tunnel tube. In a different study, Schreibers and Bouchier (2014) reported that even when 

monitoring more than 16 feeds, operators did not report overload. Instead, they perceived a large 

number of feeds as helpful for monitoring traffic. This disconnect between recommendations based on 

past research on one hand, and practical observations on the other hand may be explained by 

differences between control rooms in the way CCTV feeds are grouped into scenes. Scenes are 

defined as “… a logical and meaningful set of related and coherent images and other visual 

information, to be monitored with a specific aim” (Pikaar, 2015, p. 18). Because the monitored 

images in one scene usually share one subtask or geographical area, mental workload may be reduced. 

Each scene requires operators to maintain a separate mental model, which helps with the 

interpretation of information, and allows for a more efficient monitoring (Moray, 1999). Maintaining 

models requires working memory resources (Moray, 1999). As a result, mental workload increases 

with an increase in the number of monitored scenes, and with the number of feeds per scene (Pikaar, 

2015). However, adding more feeds to one scene may also enable the perception of more elements of 

the situation. This may lead to improved situation awareness (Endsley & Garland, 2000) and the 

construction of a more complete mental model. This is especially relevant when incidents happen, 

which require adding additional feeds to the scene showing the incident in order to monitor more 
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feeds of the incident area (Pikaar, 2015). If too few feeds are monitored, operators risk missing critical 

elements of a scene, which may negatively affect situation awareness and result in detection 

performance decrements. Mental workload may also increase due to the higher effort needed to 

integrate information from fewer feeds, especially when the geographical distance between feed 

locations is larger.  

Prior research on CCTV monitoring mostly focused on the number of feeds, without 

considering the number of scenes shown by the feeds. However, as mentioned above, this distinction 

is important as monitoring a number of feeds belonging to the same scene may lead to lower mental 

workload than monitoring the same number of feeds across a higher number of scenes, as increasing 

the number of scenes increase task complexity and cognitive demands (Pikaar, 2015). In security 

control rooms, operators monitor a high number of separate scenes, each requiring a separate mental 

model (Wallace et al., 1997, as cited in Diffley & Wallace, 1998; Pikaar, 2015; Tickner & Poulton, 

1973; Wood, 2007). In tunnel traffic control rooms, feeds are grouped into fewer scenes, with each 

tunnel tube representing one distinct scene (Pikaar, 2015). This may explain why traffic control room 

operators reported not feeling overload when monitoring higher numbers of feeds than recommended 

in past research, which was mostly conducted for security control rooms. As a result, past findings 

and recommendations on the ideal number of monitored CCTV feeds may not be applicable to tunnel 

traffic control rooms and should be reevaluated in this context. 

Objective and Research Question 

The present study aims to provide practical recommendations for making operator-centered 

design choices in tunnel traffic control rooms regarding the number of monitored feeds, specifically in 

contexts where two tubes are monitored, to prevent operator overload during vigilance monitoring 

tasks. To achieve this, it investigates how the number of camera feeds influences subjective and 

objective mental workload, as well as operator performance, while monitoring traffic.  

Experiment and Hypotheses 

The number of CCTV feeds (8, 16, or 24) was varied within participants as the independent 

variable in a simulated vigilance monitoring task. The feeds were evenly distributed between two 

tunnel tubes, requiring operators to maintain two mental models during monitoring for all 

experimental conditions. The number of feeds per condition was determined based on previous 

research (Wallace et al., 1997, as cited in Diffley & Wallace, 1998; Velastin, 2003, as cited in 

Schreibers et al., 2012; Wood, 2007), which indicated that the upper limit of camera feeds that can be 

monitored effectively is 16 feeds or less. The 16-feed condition was chosen based on this finding. The 

8-feed condition was chosen to explore lower task demands, the 24-feed condition was chosen to 

investigate whether a higher number of feeds can be monitored, potentially increasing mental 

workload. Performance, subjective mental workload, and objective mental workload were recorded as 
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dependent variables. Participants responded to traffic incidents with a keypress; specific incident 

types are described in the Experimental Task section. For each incident, the occurrence of a response 

(response vs. no response), the total response time (from incident start to response), and post-fixation 

response time (from the first fixation on the incident to response) were recorded as performance 

measures. The two response times were assumed to measure different performance components. Total 

response time may include visual search and other processes before first fixation, while post-fixation 

response time may reflect processes following initial visual detection. Blink rate and average pupil 

diameter were recorded as physiological measures for objective mental workload, and the NASA-

TLX was used to assess subjective mental workload.  

With an increase in task demands, attentional resource theory predicts subjective and 

objective mental workload to increase. At the same time, performance is predicted to decrease if 

demands exceed operator capacity. Consequently, subjective and objective mental workload were 

expected to increase as the number of CCTV feeds increased, as reflected by increasing NASA-TLX 

scores, decreasing blink rates and increasing pupil diameters. Performance was expected to decrease 

with an increase in monitored CCTV feeds, as reflected by increasing total and post-fixation response 

times and decreasing response counts. These effects, however, were only expected to occur if the 

monitored feeds provided sufficient information to maintain an adequate mental model as well as 

sufficient situational awareness of the situation. If the number of monitored feeds was too low, 

performance was also expected to decrease while mental workload increased, because of the added 

effort needed to compensate for missing information.  

Methods 

Participants 

Participants were Dutch traffic control room operators recruited from several municipalities in 

the Netherlands. All were trained, with unimpaired or corrected vision. Sixteen participants were 

recruited, 15 men and one woman (Table 1). Participants had an average of M = 5.63 years (SD = 5.13 

years) of experience as control room operators, with experience ranging from 0.5 to 15 years.  
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Table 1 

Participant Age Distribution 

Age group n % 

Younger than 20  0 0.00 

20-29  2 12.50 

30-39  3 18.75 

40-49  5 31.25 

50-59  4 25.00 

60 or older 2 6.70 

Note. Age was grouped into predefined categories to maintain participant anonymity.  Percentages 

show the proportion of participants from each age group compared to the total sample.   

 

The study was approved by the Humanities & Social Sciences (HSS) Ethic Committee of the 

University of Twente on November 12th, 2024. A power analysis was conducted using G*Power 

version 3.1.9.7 (Faul et al., 2009), indicating the sample size needed to achieve 80% power for 

detecting a medium effect (Cohen, 1992) with a significance level of α = .05 to be N = 28, while 

detecting a large effect (f = 0.4) would need N = 12 participants. This study was powered to reliably 

detect large effects, with smaller effects being harder to identify.  

Materials  

Experimental Task 

For the experiment, participants were instructed to monitor 8, 16, or 24 CCTV feeds 

presented on a screen and press a key as quickly as possible once they noticed a traffic incident. The 

footage continued playing regardless of keypresses. Participants were informed that incidents could 

include vehicles stopping on the road or in the tunnel, traffic crashes, unauthorized users such as bikes 

or pedestrians entering the road or tunnel, and wrong-way drivers.  

Measures   

Subjective mental workload was measured using the general mental workload scores provided 

by the NASA-TLX. The scores ranged from 0 (low mental workload) to 100 (high mental workload). 

For this, the instructions provided by Hart (1986) were followed. 

Average pupil diameter was calculated for the duration of the monitoring task. The raw pupil 

diameter values were recorded at a sampling rate of 50 Hz for each eye. They were averaged across 

both eyes to improve reliability. If a reading was missing for one eye at a given timestamp, the value 
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measured from the other eye was used instead. Data points were only included in the calculation of 

average pupil diameter if at least one eye had a valid reading. 

Blink rate, which refers to the number of eye blinks per minute, was measured for the 

duration of the monitoring task. Pupil diameter data was used to indirectly infer blinks (defined as the 

period in which both eyes are closed) using clusters of missing data for both eyes, as is common 

practice with some eye trackers (Nyström et al., 2024). Closed eyes resulted in missing pupil diameter 

data, for which a minimum duration of 60 milliseconds and a maximum duration of 400 milliseconds 

were set as criteria for blink detection. This was done following a combination of the method in 

Demiral et al. (2022) and a recommendation received in an email exchange with Tobii.  

Two response times were calculated. Total response time was defined as the time from start 

of the time of interest (TOI) to the keypress (Figure 2). The TOI began at the first visible sign of an 

incident and ended at the end of the incident, which was 60 seconds later in most cases. The second 

measure, post-fixation response time, was defined as the time from a participant’s first fixation on an 

incident to their keypress (Figure 2). All camera feeds showing an incident were defined as areas of 

interest (AOI) in their entirety, regardless of how much area of the feed showed the incident. The time 

to first fixation within the incident AOI was recorded for each incident. The post-fixation response 

time was calculated as the difference between the keypress timestamp and the first fixation timestamp. 

 

Figure 2 

Timeline of an Incident-TOI 

 

 

 

 The two measures served different purposes. Total response time was included as a more 

practical and comprehensive measure of performance in control rooms and was assumed to 

encompass both visual search and decision-making processes. The assumption was that the first 

fixation may reflect an initial response to the incident, followed by the keypress as a second, more 

deliberate response. By measuring from the beginning of an incident, it may provide a more complete 

representation of performance. Total response time is likely influenced by the number of monitored 



11 

 

CCTV feeds: as the number of feeds increases, the chances of immediately fixating the correct feed 

decrease, increasing the time until first fixation. In contrast, post-fixation response time was intended 

to reflect cognitive processes occurring after the visual detection of an incident. The measure was 

included to focus on the effects of task demands and the resulting potential increase in mental 

workload on decision-making processes. Under higher task demands, when monitoring more feeds for 

example, attentional resources are strained, as they are divided between feeds (Kahneman, 1973). This 

might leave fewer resources available for decision-making processes, which could lead to slower 

responses. Because this measure begins at the point of first fixation, it is not directly affected by 

differences in the time it takes to visually locate incidents.   

The response count was manually calculated by counting the number of incidents that 

participants responded to. Each participant completed three 25-minute-long trials using three different 

videos, with three incidents shown per trial. The 25-minute duration was chosen due to time 

constraints and limited availability of real traffic footage. A response was recorded when a participant 

pressed the spacebar during the TOI defined for the incident.  

Subjective sleepiness was measured using self-reported sleepiness scores provided after each 

trial by the Karolinska Sleepiness Scale (KSS), a self-report measure (Åkerstedt & Gillberg, 1990). 

Scores range from 1 (Extremely alert) to 9 (Extremely sleepy – fighting sleep) (Figure A1).  

Equipment and Setup 

The experiment was conducted at four different locations to accommodate the participating 

municipalities and participants. To accomplish this, a mobile setup was used (Appendix D; Figure 3). 
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Figure 3 

Example of an Experimental Setup 

 

Note. This photo was taken at the second experiment location. Identifying details were blurred for 

privacy reasons.  

 

General material. Eye-tracking data were recorded using Tobii Pro Glasses 2 (Tobii Pro, 

2024a), a head-mounted eye tracker. The eye tracker was connected wirelessly to a Dell Vostro 3530 

laptop (Intel Core i5-1335U, 8 GB RAM, Windows 11) for all participants at the first experiment 

location, and for three participants at the second location. The laptop was connected using a data cable 

for the remaining participants. It used the Tobii Pro Glasses Controller software (Tobii, 2019) to 

record eye-tracking data and control the calibration and recording processes. To play the traffic videos 

and run online questionnaires, a Dell Inspiron 7590 laptop (Intel Core I5-9300H, 16 GB RAM, 

Windows 11) was used. The laptops were not directly connected to each other but used at the same 

time during the experiment. A Dell KM714 wireless keyboard was connected to the Dell Inspiron 

7590 laptop to capture participant key presses. Questionnaires were created and filled out online using 

the Alchemer Survey Software (Alchemer, 2024). Eye-tracking data was analyzed and exported using 

Tobii Pro Lab (Tobii Pro, 2024b). Traffic footage was cut and edited into the traffic videos using 

DaVinci Resolve (Blackmagic Desgin, 2024).  

One participant information sheet (Figure B1) and one participant informed consent form 

(Figure B2) were created based on the informed consent form template for research with human 

participants (University of Twente, 2022). To make sure instructions were consistently given the same 

way, a paper copy of task instructions (Figure C1) was prepared. Two separate online questionnaires 
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were created. Questionnaire A1 (Figure A1) included the NASA-TLX scale. The questionnaire also 

contained a question asking participants whether they had encountered this exact traffic situation or 

incident during their work as operators before, which was used as an exclusion criterion. The 

questionnaire was filled out after each trial. Questionnaire A2 (Figure A2) included the NASA-TLX 

pairwise comparison procedure. Additionally, in this questionnaire, participants were asked about 

their age, work experience, and whether they had any corrected or uncorrected vision impairments.  

All questionnaires, information forms, consent forms, and instructions were presented in Dutch. This 

was accomplished with the help of a Dutch native speaker at vhp human performance.  

Traffic Incident Videos. For the experimental task, participants watched tunnel footage 

showing regular traffic, and nine traffic incidents. Footage from two separate tunnels (Tunnels 1 and 

2) recorded by 24 different, approximately equally distanced traffic cameras was provided by two 

Dutch municipalities. Footage for each tunnel showed two separate tunnel tubes, leading traffic in 

opposite directions. The raw footage was split into three 25-minute-long separate videos (Videos A, 

B, and C) showing three traffic incidents each, combined with uneventful traffic footage. On average, 

an incident occurred approximately every eight minutes. This is a higher frequency than under real-

world monitoring conditions, where incidents are usually separated by several hours of uneventful 

monitoring. Operators generally noted that it is impossible to estimate how often traffic incidents 

occur in practice. At least five minutes of uneventful footage was shown before and between 

incidents. One incident, shown in Video A, was recorded in Tunnel 2. The remaining eight incidents 

and uneventful footage were recorded in Tunnel 1. Each video was edited to match the three 

experimental conditions with eight feeds in the first condition, 16 in the second and 24 in the third 

condition. Each tube was shown by half of the feeds.  

The arrangement of the video feeds aimed to create a layout of images resembling realistic 

conditions as closely as possible. This was done while accommodating the limitations of using one 

single screen instead of a video wall consisting of multiple comparable screens. Visual angles for 

screens and feeds in this experiment could not be matched to the corresponding visual angles in 

control rooms, as they vary considerably between different control rooms. The vertical viewing angles 

for each screen (Table D1) were in the range recommended by the Nederlands Normalisatie Instituut 

[NEN] (1997). Horizontal viewing angles exceeded the recommended range but were smaller than 

horizontal viewing angles observed in the control rooms visited for this study. Feeds from the same 

tube were grouped together in rows where possible and presented in the order of traffic flow. The feed 

layout (the way feeds were organized into rows on the screen) differed between the three conditions 

(Figure 4, Screenshots A, B, and C). Within each condition, the feed layouts of Tunnels 1 and 2 were 

the same, except in the 24-feed condition. In that case, a different layout was used for Tunnel 2 to fit 

all feeds onto the screen because of the differences in aspect ratio between feeds from Tunnels 1 and 2 



14 

 

(Figure 4, Screenshot D). Of the nine unique incidents shown during the experiment, only one was 

recorded at Tunnel 2. The rest were from Tunnel 1.  
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Figure 4 

Feed Layouts 

A

 

B

 

C

 

D 

 

Note. Screenshots A-C show Tunnel 1 feed layouts for the 8, 16, and 24-feed conditions, respectively. 

Screenshot D shows the layout for Tunnel 2 in the 24-feed condition. Tunnel 2 was included in all 

three conditions, but the layouts for Tunnel 2 in the 8- and 16-feed conditions are not shown in this 

figure. These layouts had the same structure as those of Tunnel 1 (Screenshots A and B), the only 

difference was the feed aspect ratio. Arrows indicate traffic flow direction. Two colors represent the 

two tubes. The layouts shown in this thesis were blurred for privacy reasons.  

 

Procedure 

Participants signed consent forms and then received instructions for the monitoring task. 

Next, they were briefed on the use of the Tobii Pro Glasses 2, which they put on. The fit was verified 

by checking the eye images available in the Tobii Pro Glasses Controller software. The glasses were 

calibrated in the controller software. The calibration was then manually validated by instructing the 

participant to look at specific feeds and verifying the controller live view. For the task, participants 

were asked to keep one finger close to the spacebar. In the next step, the eye-tracking recording was 

started, and the first traffic footage video was played. Once the video had finished playing, 

participants took off the eye tracker and filled out Questionnaire A1, which included NASA-TLX and 
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KSS. These steps were repeated for each of the three trials, each trial corresponding to one of the 

three experimental conditions. Each trial consisted of 25 minutes of monitoring footage, during which 

three incidents were shown, followed by around five minutes to complete the questionnaires. After the 

completion of the third trial, participants filled out Questionnaire A2, which includes the NASA-TLX 

pairwise comparison procedure. After the conclusion of the experiment, participants were given the 

opportunity to ask final questions.  

To account for order effects, counterbalancing was used to assign participants to different 

orders of the experimental conditions. In which order which videos (A, B, and C) were watched was 

also counterbalanced to avoid any biases. Each of the 16 participants was assigned to a unique 

combination of experimental condition order and video sequence. 

Design 

The study was a one-factor within-subject design. The independent variable was the number 

of CCTV feeds. The dependent variables were operator performance, subjective and objective mental 

workload. Subjective mental workload was assessed using the NASA-TLX. Objective mental 

workload was assessed using the physiological measures of blink rate and pupil diameter. Operator 

performance was assessed using total and post-fixation response times to incidents, and incident 

response counts.  

Analysis 

Exclusion Criteria and Missing Data 

Outliers were detected using the interquartile range (IQR) method, identifying any outliers 

one and a half times the interquartile range above Q3, or one and a half times the interquartile range 

below Q1. Outliers were excluded unless they were inside plausible physiological limits and task 

observations. For example, pupil diameter values within the range found to be physiologically 

possible in past research (Spector, 1990) were not excluded. Eye-tracking recordings were excluded 

from further analysis of blink rate and pupil diameter if less than 80% of recorded gaze samples were 

valid. A gaze sample was valid when data for at least one eye was available for that time point. 

Whether recordings not meeting this criterion were still useful for the post-fixation response time 

analysis was decided using manual verification of the eye-tracking recordings, specifically focusing 

on incident TOI. Any response metric recorded from an incident which a participant had seen before 

was excluded from the analysis. Some responses were not recorded by the Tobii Pro Glasses 

Controller software because of technical issues. In these cases, the moment of response was estimated 

by logging the moment of the onset of the sound produced by pressing the spacebar, which was 

recorded by the eye tracker.  
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Analytic Strategy 

Before any analysis, the assumptions for each model were tested. For linear and linear mixed 

effects models, the assumptions of normally distributed residuals (and random effects) were visually 

checked using quantile-quantile (Q-Q) plots and tested using the Shapiro-Wilk test. To evaluate 

linearity and independence, residuals vs. predicted values plots were created and checked. The 

assumption of homoscedasticity was verified by inspecting a boxplot of residuals by CCTV-feed 

condition. For the generalized linear mixed effects model, the normality of random effects was tested 

using the same method as for the linear mixed effects models. 

Linear mixed effects models. For the analysis of blink rate, pupil diameter and NASA-TLX 

scores, linear mixed effects models were created. The number of CCTV feeds (with three levels: 8 

feeds, 16 feeds, and 24 feeds) and subjective sleepiness scores were included as fixed effects 

variables. Participants were included as random effects. The number of CCTV feeds was included as a 

fixed effect to evaluate its impact on each outcome measure, while sleepiness was included as a fixed 

effect to control for its potential effect on the outcome measure. Participants were included as a 

random effect to consider individual variability. The model for NASA-TLX scores used ranked values 

instead of raw scores, as the NASA-TLX uses an ordinal scale, violating linear model assumptions. 

The following models were used in the analysis:  

  

𝑂𝑢𝑡𝑐𝑜𝑚𝑒 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑖𝑗  =  𝛽0  +  𝛽1  (𝐶𝐶𝑇𝑉𝑓𝑒𝑒𝑑𝑠𝑖) +  𝛽2  (𝑆𝑙𝑒𝑒𝑝𝑖𝑛𝑒𝑠𝑠𝑖𝑗 ) + 𝛾0𝑖  +  𝜖𝑖𝑗 

 

(1) 

In this model, Outcome Measureij stands for Blink Rateij, Pupil Diameterij, or Ranked NASA-

TLX Scoreij, depending on the outcome measure used in each model. The components of the model 

are defined as follows:  

• Outcome Measureij is the outcome measure of participant i in CCTV-feed condition j  

• CCTV feedsi is the number of CCTV feeds monitored by participant i 

• Sleepinessij is the subjective sleepiness score of participants i after experiencing 

CCTV-feed condition j  

• β0  is the intercept 

• β1 is the fixed effect of the number of CCTV feeds on the outcome measure 

• β2 is the fixed effect of sleepiness on the outcome measure 

• γ0i is the random effect of each individual 

• ϵij is the residual error 

Linear models. For the analysis of total and post-fixation response times, linear mixed 

models were created first, which resulted in a singular fit. This indicated that random effect variance 

was detected to be zero, with the participant random effects not adding to the models. To address the 
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issue and avoid overfitting, the random effect was removed from the models, as recommended by 

Bates et al. (2015). After the removal, linear models were used to examine the fixed effects of the 

number of CCTV feeds and sleepiness. Due to skewed residuals, post-fixation and total response 

times were log-transformed to improve model fit. Additionally, to correct for recording delays that 

resulted in negative response times, a constant (one millisecond larger than the smallest negative 

response time value) was added to all response times before the transformation.  Both response times 

were modeled with CCTV feeds (three levels: 8, 16, 24) and sleepiness scores as fixed effects. The 

models can be written as: 

log(𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑇𝑖𝑚𝑒𝑖𝑗 ) =  𝛽0  +  𝛽1  (𝐶𝐶𝑇𝑉𝑓𝑒𝑒𝑑𝑠𝑖) +  𝛽2  (𝑆𝑙𝑒𝑒𝑝𝑖𝑛𝑒𝑠𝑠𝑖𝑗 ) +  𝜖𝑖𝑗 

 

(2) 

In this model, Response Timeij stands for Post-fixation Response Timeij or Total Response 

Timeij, depending on the measure used in each model. The components of this model are defined as 

mentioned above. 

Generalized linear mixed effects model. For the analysis of participant responses, a 

generalized linear mixed effects model with a binomial distribution and logit link function was 

created. It was modeled with the number of CCTV feeds (with three levels: 8, 16, and 24 feeds) and 

subjective sleepiness scores as fixed effects variables, and participants as random effects. The model 

was used to accurately represent the dichotomous nature of participant responses, and can be written 

as: 

𝑙𝑜𝑔𝑖𝑡 (𝑃(𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖𝑗 = 1)) =  𝛽0  +  𝛽1  (𝐶𝐶𝑇𝑉𝑓𝑒𝑒𝑑𝑠𝑖) + 𝛽2  (𝑆𝑙𝑒𝑒𝑝𝑖𝑛𝑒𝑠𝑠𝑖𝑗) + 𝛾0𝑖   

 

(3) 

The components of this model are defined as mentioned above. In this model specifically, 

𝑙𝑜𝑔𝑖𝑡 (𝑃(𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖𝑗 = 1)) is the log odds of participant i responding to an incident in CCTV-feed 

condition j. 

For all models, experiment location was first included as a covariate to check for differences 

between experiment locations. There were no significant effects, and it was removed from the final 

model. Since a total of six different tests were performed to test mental workload and performance, a 

Bonferroni correction was applied to correct for the inflation of the alpha error, resulting in a 

significance level of α = 0.0083.  

Results  

NASA-TLX 

To examine if NASA-TLX mental workload scores differed between CCTV-feed conditions, 

a linear mixed model was used. It included CCTV feeds (8 feeds, 16 feeds, 24 feeds) as a fixed 
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categorical effect, sleepiness score as a fixed continuous effect, and random effects for participants. 

Type III Wald F tests with Kenward-Roger degrees of freedom showed that the null hypothesis could 

not be rejected, F(2, 30) = 1.12,  p = .338, ηp
2 = 0.07, indicating that there was no significant effect of 

the number of CCTV feeds on subjective mental workload. General mental workload scores (Figure 

5) had a median of Mdn = 25.17 (IQR = 19.58-47.17) in the 8-feed condition (n = 16), Mdn = 31.33 

(IQR = 26.08-44.00) in the 16-feed condition (n = 16), and Mdn = 33.67 (IQR = 20.25-48.00) in the 

24-feed condition (n = 16). 

 

Figure 5 

NASA-TLX Scores for Each of the CCTV-Feed Conditions 

 

Note. The box represents the interquartile range (IQR), the median NASA Task Load Index (NASA-

TLX) score is represented by a horizontal line inside the box for each condition. The whiskers reach 

the lowest and highest value inside one and a half times the IQR below Q1, or one and a half times the 

IQR above Q3. 

 

Blink Rate 

The eye-tracking recording for one trial in the 8-feed condition was lost because of a 

recording error. Of the remaining 47 recordings, three recordings with gaze sample rates lower than 

80% were excluded. One outlier was detected with the IQR method. The value was removed from the 

analysis as maintaining a blink rate of 33.47 blinks per minute over a period of over 25 minutes was 

deemed unlikely under normal conditions, considering the same participant’s blink rates in other 

conditions were 15.19 and 14.36 blinks per minute. While contact lens use can increase blink 
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frequency, the large discrepancy between this value and the other recordings of the same participant 

suggests that the outlier likely occurred because of a measurement error.  

To examine if blink rate differed between CCTV-feed conditions, a linear mixed model was 

used. It included CCTV feeds (8 feeds, 16 feeds, 24 feeds) as a fixed categorical effect, sleepiness 

score as a fixed continuous effect, and random effects for participants. Type III Wald F tests with 

Kenward-Roger degrees of freedom showed that the null hypothesis could not be rejected, F(2, 25) = 

1.30,  p = .291, ηp
2 = 0.09, indicating that there was no significant effect of the number of CCTV 

feeds on blink rate. The median blink rates (Figure 6) were Mdn = 6.98 (IQR = 3.58-11.84) blinks per 

minute in the 8-feed condition (n = 15), Mdn = 6.98 (IQR = 5.43-11.02) blinks per minute in the 16-

feed condition (n = 12), and Mdn = 7.87 (IQR = 4.59-13.62) blinks per minute in the 24-feed 

condition (n = 16).  

 

Figure 6 

Blink Rates Across CCTV-feed Conditions 

 

Note. The box represents the interquartile range (IQR), the median blink rate is represented by a 

horizontal line inside the box for each condition. The whiskers reach the lowest and highest value 

inside one and a half times the IQR below Q1, or one and a half times the IQR above Q3. One outlier 

was removed.  

 

Pupil Diameter 

The recordings excluded from the blink rate analysis due to low gaze sample rates or 

recording errors were also excluded from the pupil diameter analysis. Two outliers were detected with 
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the IQR method. The values were not removed from the analysis as average pupil diameter values of 

4.01 mm and 3.78 mm over 25 minutes were physiologically possible (Spector, 1990) and were 

measured for the same participant. A Q-Q plot showed possible minor deviations of residuals from the 

normal distribution in the 24-feed condition. A boxplot of residuals by CCTV-feed condition was 

visually checked and showed a slightly lower variation in residuals in the 24-feed condition, 

indicating a minor violation of homoscedasticity. Because of the non-severe nature of the violations, 

analysis was continued using the present model.  

To examine if pupil diameter differed between CCTV-feed conditions, a linear mixed model 

was used. It included CCTV feeds (8 feeds, 16 feeds, 24 feeds) as a fixed categorical effect, sleepiness 

score as a fixed continuous effect, and random effects for participants.  Type III Wald F tests with 

Kenward-Roger degrees of freedom showed that the hypothesis is accepted, F(2, 25) = 9.19,  p < 

.001, ηp
2 = 0.42, indicating that there was a significant effect of the number of CCTV feeds on pupil 

diameter. Post-hoc pairwise comparisons with a family-wise Type I error rate of 0.05 and Bonferroni 

correction were used and showed no difference between pupil diameters in the 8-feed condition and 

the 16-feed condition (p = .139), or the 16-feed condition and the 24-feed condition (p = .265). They 

did show a difference between the 8-feed condition and the 24-feed condition (p < .001), indicating 

that participants in the 24-feed condition had smaller average pupil diameters over the duration of the 

monitoring task than in the 8-feed condition. The median average pupil diameters (Figure 7) were 

Mdn = 2.94 mm (IQR = 2.78-3.26 mm) in the 8-feed condition (n = 15), Mdn = 2.93 mm (IQR = 

2.73–3.11 mm) in the 16-feed condition (n = 13), and Mdn = 2.77 mm (IQR = 2.67–3.10 mm) in the 

24-feed condition (n = 16).  
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Figure 7 

Average Pupil Diameter (mm) Across CCTV-feed Conditions 

 

Note. The box represents the interquartile range (IQR), the median average pupil diameter is 

represented by a horizontal line inside the box for each condition. The whiskers reach the lowest and 

highest value inside one and a half times the IQR below Q1, or one and a half times the IQR above 

Q3. Outliers outside this range are shown as red dots.  

 

Response Count 

One incident was excluded because one-third of participants hesitated before responding, and 

two fixated on the incident without reacting, raising questions about the clarity of the incident.  A 

check of the normality assumption for random effects using a Q-Q plot and the Shapiro-Wilk test 

indicated a possible violation of the normality assumption (W = 0.851, p = .014). The Q-Q plot did not 

show any violation of normality. Given that the model is robust to minor violations of the normality 

assumption for random effects, the model was still used.  

To examine if the number of responses to incidents differed between CCTV-feed conditions, 

a generalized linear mixed effects model was used. It included CCTV feeds (8 feeds, 16 feeds, 24 

feeds) as a fixed categorical effect, sleepiness score as a fixed continuous effect, and random effects 

for participants. A likelihood ratio test (χ²(1) = 0.40, p = .820) revealed no significant effect of the 

number of CCTV feeds on the model, suggesting that the number of CCTV feeds did not 

meaningfully contribute to explaining response count. Participants generally responded to incidents at 

a high rate, with a considerable percentage of participants not missing a single incident in a given trial 

(Table 2).  
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Table 2 

Response Percentages 

CCTV Feeds Response Rate (%) Complete Detection (%) n 

8 82.5 66.7 40 

16 86.0 62.5 43 

24  81.0 50.0 42 

Note. Response rate represents the percentage of incidents that participants responded to in each 

condition. Complete detection represents the percentage of participants per condition that did not miss 

a single incident in that condition. An exploratory mixed-effects model predicting complete detection 

with the number of feeds and sleepiness as fixed effects did not show significant results. 

 

Response Time 

Total Response Time 

The same incident as in the response count analysis was removed. Three responses were 

excluded based on participants reporting having previously seen the incident, resulting in 99 

remaining response times. Six outliers were detected with the IQR method but were not removed from 

the analysis, as they likely represented naturally occurring variations in response behavior.  

To examine if total response time differed between CCTV-feed conditions, a linear model 

was used. It included CCTV feeds (8 feeds, 16 feeds, 24 feeds) as a fixed categorical effect and 

sleepiness score as a fixed continuous effect. Type III Wald F tests showed that the null hypothesis 

could not be rejected, F(2, 95) = 0.28,  p = .757, ηp
2 = 0.01, indicating that there was no significant 

effect of the number of CCTV feeds on response times. The median response times (Figure 8) were 

Mdn = 9.25 s (IQR = 4.77–24.24 s) in the 8-feed condition (n = 31), Mdn = 11.10 s (IQR = 6.40–

22.84 s) in the 16-feed condition (n = 35), and Mdn = 13.46 s (IQR = 5.86–34.28 s) in the 24-feed 

condition (n = 33).  
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Figure 8 

Total Response Time to Incidents Across CCTV-feed Conditions 

 

Note. The box represents the interquartile range (IQR), the median total response time is represented 

by a horizontal line inside the box for each condition. The whiskers reach the lowest and highest value 

inside one and a half times the IQR below Q1, or one and a half times the IQR above Q3. Outliers 

outside this range are shown as red dots.  

 

Post-fixation Response Time 

The same incident as in the response count analysis was removed. Six response times were 

excluded from the response time analysis due to insufficient recording quality during incident TOI. 

Another three responses were excluded based on participants reporting having previously seen the 

incident, resulting in 94 remaining response times. Six outliers were detected with the IQR method 

but were not removed from the analysis, as they likely represented naturally occurring variations in 

response behavior. 

To examine if response time differed between CCTV-feed conditions, a linear model was 

used. It included CCTV feeds (8 feeds, 16 feeds, 24 feeds) as a fixed categorical effect and sleepiness 

score as a fixed continuous effect. Type III Wald F tests showed that the null hypothesis could not be 

rejected, F(2, 90) = 0.24,  p = .790, ηp
2 = 0.00, indicating that there was no significant effect of the 

number of CCTV feeds on post-fixation response times. The median response times (Figure 9) were 

Mdn = 7.91 s (IQR = 3.75–19.93 s) in the 8-feed condition (n = 31), Mdn = 5.29 s (IQR = 2.76–19.14 

s) in the 16-feed condition (n = 31), and Mdn = 6.40 s (IQR = 2.56–29.55 s) in the 24-feed condition 

(n = 32).  
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Figure 9 

Post-fixation Response Time to Incidents Across CCTV-feed Conditions 

 

 

Note. The box represents the interquartile range (IQR), the median post-fixation response time is 

represented by a horizontal line inside the box for each condition. The whiskers reach the lowest and 

highest value inside one and a half times the IQR below Q1, or one and a half times the IQR above 

Q3. Outliers outside this range are shown as red dots.  

 

Sleepiness 

Sleepiness was included as a covariate in all models but was not shown to significantly 

impact any of the outcome measures.  

Discussion 

A vigilance monitoring experiment was conducted with the number of CCTV feeds (8, 16 or 

24) being varied within participants as the independent variable. Participants responded to traffic 

incidents with a keypress. Total and post-fixation response times, as well as response counts were 

recorded as performance measures. Blink rate and average pupil diameter were recorded as 

physiological measures for objective mental workload, and the NASA-TLX was used to assess 

subjective mental workload. An increase in mental workload, as well as a decrease in performance 

were expected with an increase in monitored CCTV feeds. These expected effects were not confirmed 
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in the experiment, suggesting that operators were able to handle monitoring up to 24 feeds without 

noticeable increases in mental workload or performance decrements.  

Interpretation  

The number of monitored CCTV feeds did not influence subjective mental workload or 

performance, not supporting the hypotheses that an increase of the number of CCTV feeds increases 

subjective mental workload and decreases performance. However, a main effect of the number of 

monitored CCTV feeds on pupil diameter was found. Post-hoc pairwise comparisons between 

conditions found average pupil diameters over the duration of the monitoring task in the 8-feed 

condition to be larger than in the 24-feed condition, which indicates a direction of effect opposite of 

the hypothesis. Blink rate was not affected by feed count. This does not support the hypothesis that 

objective mental workload increases as the number of CCTV feeds increases. 

The findings contrast with past research linking increasing task demands and with higher 

subjective mental workload (Warm et al., 1996), decreased performance (with studies mainly 

considering response count and total response time) (Helton & Russell, 2013; Helton & Warm, 2008), 

and lower blink rate (Biondi et al., 2023; Stern et al., 1994). The results also contradict findings that 

higher numbers of CCTV feeds lead to a decrease in performance (Gill et al., 2005), with a maximum 

number of 12-16 feeds being recommended (Wallace et al., 1997, as cited in Diffley & Wallace, 

1998; Tickner & Poulton, 1973). In addition, the present research contradicts past findings of an effect 

of task demands on pupil diameter (van der Wel & van Steenbergen, 2018), as the effect observed in 

the present study was in the opposite direction. 

An important explanation of these inconsistencies could be differences in the way task 

demands were manipulated in past studies and the present experiment. Past studies increased the 

number of feeds and scenes at the same time, while both factors are known to increase mental 

workload and decrease performance (Wallace et al., 1997, as cited in Diffley & Wallace, 1998; 

Pikaar, 2015; Tickner & Poulton, 1973; Wood, 2007). In addition to that, they mainly focused on 

security monitoring contexts and used complex CCTV footage showing footage from town centers or 

prisons. In contrast, the present experiment increased only the number of feeds, while keeping the 

number of scenes constant at two. The footage shown was also less complex, with objects in most 

feeds moving in one direction only. These differences may have led to smaller differences in task 

demands between conditions. 

According to attentional resource theory, increasing the number of monitored feeds (and 

therefore task demands) results in higher mental workload and decreasing performance if task 

demands exceed operator capacity. For this to be true, however, a substantial increase in required 

attentional resources is assumed. In the present study, the difference in the number of feeds between 

conditions, especially considering that only two scenes were monitored, may not have been large 
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enough to cause a strong difference in required attentional resources. This would explain the lack of 

observed differences in mental workload or performance. Consequently, past recommendations of a 

maximum of 16 monitored feeds (Velastin, 2003, as cited in Schreibers et al., 2012; Wallace et al., 

1997, as cited in Schreibers et al., 2012; Wood, 2007) and findings of considerable differences in 

detection rates between 9 and 16 monitored feeds (Tickner & Poulton, 1973) are contradicted by the 

present study, as it ranged from 8 to 24 feeds. Because of the differences in task demands and the 

number of monitored scenes between different control room contexts, generalized recommendations 

for a maximum number of monitored feeds may not be applicable for all control rooms. Following up 

on this study, future studies could use larger differences in the number of feeds between conditions to 

create larger differences in task demands. Especially varying the number of monitored scenes could 

be of high relevance for tunnel traffic control rooms. 

The participation of trained operators likely also contributes to explaining why increases in 

mental workload and decreases in performance with rising task demands were not observed, in 

contrast with past research on objective and subjective mental workload and performance which 

mainly involved untrained participants (Biondi et al., 2023; Wallace et al., 1997, as cited in Diffley & 

Wallace, 1998; Helton & Russell, 2013; Helton & Warm, 2008; Tickner & Poulton, 1973; van der 

Wel & van Steenbergen, 2018). Trained operators may use more automated cognitive processes 

during monitoring than untrained participants, reducing the attentional resources required for the task 

(Young et al., 2015). As a result, their mental workload is lower and their performance higher 

compared to untrained participants (Young et al., 2015), allowing them to handle changes in demands, 

that would have larger effects on the performance and mental workload of untrained participants.  

Additionally, task demands may have been in an optimal mental workload and performance 

range (Figure 1), leaving operators with sufficient resources to complete the task. This view does not 

align with Warm et al. (2008), who argued that vigilance tasks require mental work and are stressful. 

However, the task being not challenging enough would explain the good performance across 

conditions (Table 2), as well as the lack of differences in performance between them. It would also 

explain the moderate NASA-TLX scores indicating neither overload nor underload. Other studies 

presenting incidents more frequently (although this does not reflect real-world monitoring conditions) 

support this view, with some experiments showing an incident around every 4 minutes (Tickner & 

Poulton, 1973), and some showing incidents at high rates between 5 and 40 incidents per minute 

(Warm et al., 1996), which increases mental workload. In addition to showing incidents more 

frequently, some studies that found higher mental workload used longer monitoring task durations of 

up to 60 minutes per condition (Tickner & Poulton, 1973; Warm et al., 1996). In future research, it 

may be promising to increase task demands by increasing monitoring duration and adding more 

incidents, feeds or scenes. A longer task duration could lead to operators experiencing sustained high 
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mental workload over time, potentially revealing effects of overload that were not observed in this 

study because of its relatively short monitoring duration. 

Furthermore, because operators were not instructed to follow any monitoring strategy, they 

may have prioritized some feeds over others. As a result, the number of frequently monitored feeds 

would have been reduced to few high-priority feeds, while low-priority feeds were infrequently 

scanned. This may have resulted in reduced required attentional resources in higher CCTV-

conditions, and lower mental workload. Although this strategy does not reliably improve performance 

(and therefore cannot explain why no effects on performance were found), it is commonly used 

among operators (Hodgetts et al., 2018; Tickner & Poulton, 1973; Wickens et al., 2021). Tickner and 

Poulton (1973) found trained operators to be better at selecting priority feeds than untrained 

participants, offering one possible explanation to the results of the present study contrasting with past 

research. Overall, the self-directed use of different strategies by operators may have added variability 

to the results. Providing more specific instructions could be a viable alternative for future research. 

Participants fixating incident footage but then moving on to monitor different feeds and 

responding later may have led to the lack of differences in post-fixation response times between 

conditions. This observation could point towards the phenomenon of inattentional blindness (Mack, 

2003). Inattentional blindness refers to the phenomenon of failing to notice stimuli, even when they 

are directly in line of sight. Since post-fixation response times were measured from the moment of 

first fixation on an incident, this behavior may have inflated post-fixation response times overall and 

added variation, making differences in post-fixation response times between conditions harder to 

detect. Still, there was also no effect of the number of feeds on total response time, indicating that the 

absence of expected effects was not limited to gaze-based response times. Further studies 

investigating inattentional blindness with the help of eye tracking could deliver knowledge which 

could be used to mitigate the risk of missed incidents in the control rooms. 

Moreover, averaging measures for objective mental workload may have masked differences. 

Task demands may have caused larger differences in mental workload between conditions at the 

beginning of the experiment. However, with the task progressing, the difference then may have 

shrunk after resources were depleted for all conditions. As a result, averaging could have led to 

smaller overall differences in pupil diameter or blink rate over the entirety of a trial. Other studies that 

reported a link between pupil diameter or blink rate and task demands used averages for shorter task 

lengths (Biondi et al., 2023; Stern et al., 1994; Veltman & Gaillard, 1996), possibly counteracting this 

issue. Analyzing objective measures for different parts of trials separately could be a viable 

alternative. Similar limitations are true for the measurement of subjective mental workload. In 

contrast to objective mental workload, which is measured over the entire duration of each trial, 

subjective mental workload is assessed once at the end of a trial. Although this is simple and non-
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intrusive, it results in a loss of information. Assessing subjective mental workload more frequently 

during trials (e.g. after incidents) using methods like instantaneous self-assessment (Tattersall & 

Foord, 1996) could help mitigate the loss of information.  

Another limitation of the study is its reliance on one primary task as a performance measure 

of mental workload. For future research, adding a secondary task to the primary task could strengthen 

the measurement of mental workload, as it can offer insights into the remaining attentional capacities 

unused by the primary task (Young et al., 2015). It could also increase external validity, as operators 

rarely focus only on monitoring.  

The mobile experimental setup allowed for the flexible and practical implementation of the 

experiment, but may also have introduced additional variability, especially in pupil diameter. With 

lighting impacting pupil diameter through the pupillary light reflex (Ellis, 1981; Pfleging et al., 2016), 

screen brightness may have influenced pupil diameters. As the number of feeds increased, the number 

of illuminated pixels also increased because of constant feed size regardless of feed count (Figure 4). 

This may have resulted in smaller pupil diameters in conditions with more feeds. This may explain 

why average pupil diameter was significantly smaller in the 24-feed condition than in the 8-feed 

condition (Figure 7). Consequently, the expected increase of pupil diameters in higher workload 

conditions may have been counteracted by this effect. The present experiment hints at challenges 

concerning the use of pupillometry in real-world scenarios to assess mental workload. Although pupil 

diameter has been shown to be related to mental workload under more controlled lighting conditions 

(van der Wel & van Steenbergen, 2018), and is even recommended by manufacturers for assessing 

mental workload in applied settings (Tobii, 2024), the results of this study do not support this 

recommendation.   

An additional limitation of using a mobile setup was the use of a head-mounted eye tracker, 

which in combination with changing environments, resulted in sometimes suboptimal tracking 

accuracies. Because of this, no distinction was made between looking at an incident versus looking at 

the feed that contained the incident. In some cases, operators may have looked at the feed containing 

the incident, while not fixating the incident directly, which would have been counted as still looking 

at the incident. Careful calibration and the use of more advanced eye-tracking equipment could 

resolve these inaccuracies. Furthermore, because of the practical constraints of using a mobile setup, 

all feeds were displayed on a single screen (Figure 3), although operators typically monitor entire 

video walls comprised of multiple screens. For future research, traffic footage could be presented on 

larger video walls, increasing external validity by making the experiment more similar to real-world 

conditions.   
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Conclusion 

The present study did not find any significant effect of the number of monitored CCTV feeds 

on mental workload or operator performance when traffic was presented across two distinct scenes 

(tunnel tubes). Operators were able to monitor traffic within the range of 8, 16, and 24 feeds across 

two scenes while maintaining high performance and experiencing no substantial increases in mental 

workload. Considering these results, past findings limiting the number of effectively monitored feeds 

to a maximum of 16 feeds per operator may not apply to all control room contexts, particularly tunnel 

traffic control rooms. Consistent with Pikaar (2015), this can be explained by not only the number of 

feeds but also feed content, specifically the number of distinct scenes, being an important factor 

influencing mental workload and performance. A majority of past research manipulated the number of 

feeds and distinct scenes simultaneously, while the present study isolated the effect of the number of 

feeds alone by keeping the number of distinct monitored scenes consistent. Additionally, operator 

experience and the automation of cognitive processes needed for monitoring may have contributed to 

operators being able to successfully monitor more feeds than expected. The use of trained and 

experienced operators, combined with the fact that only two scenes were monitored in all conditions, 

may have reduced attentional resource demands and minimized differences in demands between 

conditions. This could have prevented measurable differences in performance or mental workload. 

While operators maintained good performance overall, most were not able to detect all 

incidents that occurred. The present findings support the importance of involving training and systems 

that reduce the risk of missing incidents and mitigate its consequences when it occurs. Especially the 

use of automated systems alerting the operator to potential incidents could be an adequate way of 

dealing with this risk. Increasing the integration of automated systems in control rooms could help 

offload vigilance tasks to machines (Warm et al., 1996), allowing operators to take on a more 

supervisory role rather than mainly focusing on monitoring.    
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Appendix A 

Questionnaires 

Figure A1 

Questionnaire A1
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Note. This questionnaire includes the Dutch translation of the NASA-TLX scale used to 

assess subjective mental workload. Additionally, a Dutch translation of the Karolinska Sleepiness 

Scale as well as a question investigating whether operators had seen this exact traffic footage 

previously during their work were integrated into the questionnaire.  
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Figure A2 

Questionnaire A2
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Note. This questionnaire includes the Dutch translation of the NASA-TLX pairwise comparison 

procedure needed to calculate weighted scores of each subscale. Additionally, small number of 

questions inquiring about demographic information are asked at the end of the questionnaire.  
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Appendix B 

Information- and Consent Forms 

Figure B1 

Dutch Informed Consent From  
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Figure B2 

Dutch Information Sheet
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Appendix C 

Task Instructions 

Figure C1 

Dutch Task Instructions 
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Appendix D 

Location-Specific Material 

At the first location, a Panasonic FZ570 WUXGA projector with a resolution of 1920 x 1200 

pixels and a refresh rate of 60 Hz, which was mounted to the ceiling above the participant, was used. 

The image was projected onto a white surface. At the second location, a Video Wall UDE-H Series 

screen by Samsung with a resolution of 1920 x 1080 pixels and a refresh rate of 60 Hz was used. At 

the third location, a Q-Line Display screen by Philips with a resolution of 3840 x 2160 pixels and a 

refresh rate of 60 Hz was used. In a fourth setup, a FHD standard signage screen by LG with a 

resolution of 1920 x 1080 pixels and a refresh rate of 60 Hz was used. More details are noted in 

Table D1.  

 

Table D1 

Location-specific Material 

 A (cm) B (cm) C (in) D (°) E (°) n 

Setup 1 280 150 100* 43* 23* 3 

Setup 2 130 118 55 50 27 6 

Setup 3 150 122 65 51 28 6 

Setup 4 145 124 55 46 24 1 

 

Note. A describes the distance between operator and screen, B describes the distance between the 

floor and the bottom edge of the screen, and C describes the screen diagonal (Figure 3). The screen 

size and visual angles for Setup 1 marked with * were estimated using images of the setup, as the 

exact size was not measured. D represents the horizontal visual angle of the screen, and E represents 

the vertical visual angle of the screen from the participant’s perspective. The number of participants 

per setup is represented by n.  
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Appendix E 

Use of AI  

During the preparation of this work the author used ChatGPT in order to brainstorm ideas for 

coding in R, to help debugging and to rephrase sentences that may have been confusing. After using 

this tool/service, the author reviewed and edited the content as needed and takes full responsibility for 

the content of the work. 

 

 

 

 

 

 

 


