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1. Introduction 

In the future Army battlespace, human and intelligent agents are expected to be able 
to team together to accomplish mission-critical goals. Introducing intelligent agents 
into human teams allows for the possibility of mixed teams to not only cover gaps 
in teammates’ capabilities but to generate new capabilities leading to adversarial 
overmatch. In these teams, humans will rely on sensors of the external environment 
and internal human physiology as well as interpretation of those sensors by 
intelligent agents. For example, Soldiers in the Next-Generation Combat Vehicle 
will be required to operate a number of technological devices while navigating 
environments and detecting threats. Given human attentional limits in a stressful 
context, a human may show trade-offs between navigation and threat detection. 
Shifting focus to navigation at the expense of threat detection may lead to a 
reduction of situational awareness and overall degradation in mission performance. 
However, intelligent agents may help to maintain situational awareness by 
optimizing when attentional focus should be directed toward navigation or threat 
detection, or by “picking up the slack”. Yet, human individuals and teams vary 
widely in their capabilities both temporarily due to situational demands and at 
baseline due to trait differences. As such, intelligent agents must have adaptable 
behaviors to conform to mission goals and current human capabilities. This report 
will detail a research line that will enable intelligent agent’s adaptive capabilities. 

2. Why the Army Should Be Interested in Pupil-Based Eye 
Tracking Technology and Research 

To enable adaptable technology-supported teaming in real-world missions, sensors 
must be able to reliably and robustly estimate human states while embedded in 
complex, dynamic environments. Ideally, sensors could measure brain activity as 
done using functional magnetic resonance imaging or electroencephalography; 
however, the hardware used in these methods is not currently suitable for field 
deployment. An alternative method is to measure peripheral physiology using 
technology such as body-worn sensors or eye trackers. While the organs monitored 
by these technologies (e.g., eye, heart) are primarily modulated by reflexive, 
noncognitive processes and autonomic functions (e.g., heart rate), recent research has 
shown that they are also indirectly influenced by higher-level cognitive processes. A 
major challenge for scientists has been parsing out specific aspects of peripheral 
physiological signals and linking them to human states while also accounting for 
noncognitive influences on the same signals. Once decoded, however, human state 
information can be used by intelligent agents in a teaming context to enable adaptive 
behaviors that optimize individual and team performance.  
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In this technical report we focus on the current state of research aiming to estimate 
human states in real-world contexts using patterns of pupillary dilation and 
constriction collected via eye-tracking technologies. We focus on eye tracking 
because this technology will likely be field deployable within the next 5 years and 
in some instances is already being incorporated into Soldier wearables, such as the 
Integrated Visual Augmented System. We believe that using the pupil as an indirect 
measure of the brain via eye-tracking technology will enable robust, reliable, and 
cost-effective measurements of human states. In turn, human-state estimation can 
be used to inform adaptable intelligent agents and improve teaming processes with 
humans. 

3. Potential Real-World Applications of Basic Research 
Findings 

Pupil size has been used for decades as a window into the brain,1 given its status as 
the only internal organ that has visible changes from outside the body and is directly 
influenced by the brain. Pupil features have been found to reflect a variety of 
cognitive processes that may be of interest to Soldier operations with respect to 
interpretation by an intelligent agent, including mental workload,1,2 vigilance/ 
fatigue,3,4 novelty,5 target detection,6–8 and decision making.9,10 It is important to 
note that physiological signal- and pupil-based human-state estimates are objective 
measurements that do not require subjectively querying the Soldier. This is highly 
advantageous compared to the potential obtrusiveness of surveys or probes and in 
some cases may be the only means to estimate the status of a Soldier when direct 
subjective reporting is unavailable due to 1) inability to report due to injury, 2) 
limited understanding of complex states (e.g., language is not sufficient to describe 
the state), 3) unwillingness to directly report, and/or 4) when reporting interferes 
with mission-critical behaviors.  

Measuring mental workload via pupil size was first popularized by Kahneman et 
al. after showing results from a task in which participants needed to keep in memory 
an increasing amount of information.1 In line with this paradigm, subsequent 
research has found that pupil size both transiently increases in relation to an acute 
increase in memory load2 and experiences a sustained increase in pupil size in 
response to prolonged difficulty.11 These results suggest that pupil responses can 
track arousal levels of the brain. Tracking arousal levels has potential to enable 
several applications to human-autonomy teaming. For example, in the Next-
Generation Combat Vehicle, Soldiers need to simultaneously operate machinery, 
detect targets, communicate with other team members, and so forth. These 
scenarios may lead to cognitive overload, which may be detectable by intelligent 
agents via cognitive load-linked pupil features. Accordingly, the intelligent agent 
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can attempt to reduce cognitive load and improve situational awareness by 
restricting information, reprioritizing tasks, alerting teammates, or delivering 
neurofeedback12 to assist the Soldier. An objective measure of cognitive load could 
further be useful as an outcome measure to be minimized in research studies that 
evaluate human factors–based system design, or in closed-loop, on-the-job learner 
systems to identify when a learner has reached a desired level of task expertise. 
Relatedly, vigilance and fatigue states, as estimated by pupil features, may be used 
to augment situational awareness. 

In addition to cognitive load, transient pupil changes are elicited in response to the 
presentation of novel,5 surprising,5 and target6 stimuli, indicating that pupil size 
reflects rapid changes in the recruitment of attentional resources. Current efforts 
such as the Tactical Awareness via Collective Knowledge (TACK) are attempting 
to enhance situational awareness by using eye moments to enable automatic 
detection of individual human-level points of interest as well as estimating team-
level states from group-level eye movement dynamics. This capability may be used 
to automatically annotate a shared virtual operational environment to create 
increased situational awareness for the team or signal when an intelligent agent 
should assist the team. Conversely, such a map also indicates locations that are not 
considered a point of interest so that resources are not wasted exploring that area. 
Alternatively, the unattended location may contain a missed threat and represent a 
human “blind spot”, whereby an intelligent agent could adaptively fill this gap for 
the human teammate.  

Recent pupil-focused research has found that pupil size shows a robust relationship 
with decision-making processes.9,10,13–15 Specifically, the pupil has been found to 
dilate until a decision has been made and subsequently begins to constrict, tracking 
the temporal dimension of decision formation with high fidelity even on the single 
trial level.13 Einhauser et al. reported that the decision process could be tracked by 
pupil dilations, even without the participant making a behavioral response.14 Being 
able to objectively monitor when a decision process is engaged, and when it has 
completed, may be useful for an intelligent agent to appropriately deliver “just-in-
time” information.16 For example, information delivered while a previous decision 
is being made can lead to increased errors, while delayed information can lead to 
inefficient task completion.
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4. Other Potential Uses of Eye Tracking 

While this report focuses on use cases for eye tracking technology with respect to 
the cognitive pupil response, eye-tracking technology also generates other data 
types useful for a number of applications. Researchers in the clinical domain have 
found that the pupillary light reflex (PLR) indicates deviations for populations with 
psychological disorders including Alzheimer’s, Parkinson’s, autism, and traumatic 
brain injury. Some research has indicated that the pupil response also exhibits 
alterations after exposure to alcohol, MDMA (3,4-methylenedioxy
methamphetamine), cannabis, nerve agents, pesticides (e.g., organophosphates and 
botulinum toxins), and infections (for review see Hall and Chilcott17). In particular, 
the Army may be interested in using the PLR for diagnosing nerve-agent exposure 
and traumatic brain injury.  

There exists a large body of literature that uses eye movements as a window into 
cognitive processes, including features such as fixation durations,18 blink rate,19 
saccades,20 and eye movement patterns.21 These features have been used to 
investigate a number of cognitive processes, including expertise,22 memory,21 target 
detection,23 fatigue,24 and cognitive workload19 among others. 

While pupil size is a promising avenue to achieve remote human state estimation 
that enables efficient human-autonomy teaming, the aforementioned body of 
literature has, in general, been collected in carefully controlled lab environments 
that do not represent real-world contexts. In contrast to lab environments, real-
world contexts introduce substantial noncognitive influences on the pupil.  

5. Obstacles to Using the Pupil in Real-World Contexts 

To illustrate the substantial influence of noncognitive influences on the pupil, take 
the example of a luminance change. Look into a mirror and notice how your pupils 
change after closing them for a brief period of time and opening them again. Upon 
opening your eyes, you should notice that your pupils will rapidly constrict. 
Researchers have characterized this effect as the pupillary light reflex17 (PLR), 
which occurs when the eye is presented with a substantially brighter light stimulus 
than what was previously being fixated (Fig. 1).  
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Fig. 1 After being in dark for a prolonged period of time (e.g., 20 min), the pupil dilates 
(time <0), and when presented with a light stimulus (time 1), rapidly constricts. Based on 
figures from Hall and Chilcott.17 

To understand the nature of the cognitive influence on the pupil, researchers 
typically account for noncognitive influences by controlling them.25,26 As an 
example, in the laboratory equiluminant stimuli can be used to avoid any changes 
in the pupil due to the PLR, thus allowing for attribution of cognitive influences on 
the pupil. However, equiluminant stimuli have limitations that make this strategy 
implausible when collecting data in real-world contexts or when using naturalistic 
stimuli. Furthermore, in real-world contexts, luminance can be highly variable from 
moment-to-moment, changing from eye movement to eye movement. For example, 
depending on task goals, participants can change their eye fixation location on 
average 2–4 times a second.27,28 The pupil does not instantaneously change in 
response to light, however, but exhibits a delayed response ranging from 0.1 to  
0.3 s in response to noncognitive events.25 This time-lagged mapping from stimulus 
to pupil response remains a great obstacle for attributing cognitive influences to 
pupil size changes. Current research lacks an understanding of the temporal 
dynamics of the pupil in response to visual stimulation that is complex and 
continually changing. To further illustrate the scope of the problem, known 
noncognitive influences on the pupil response are detailed in the next section.  
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6. A Multitude of Factors Drive the Pupil Response 

Much of the understanding gained about underlying processes and factors that drive 
the pupil response has been conducted in the field of ophthalmology. Research has 
focused on clinical applications to diagnose abnormalities in the brain as indicated 
by deviations from a normal PLR.17 Specifically, researchers have developed a 
methodology called pupil campimetry29 whereby stimuli are presented in multiple 
locations in the participant’s field of view to probe the visual field. This 
methodology relies on the assumption that given processing of a light stimulus 
input by the visual system, the output should be a change in pupil size in response 
to the stimulus. Using this methodology, researchers have been able to characterize 
the various factors, and underlying neural circuitry, that give rise to modulations of 
the pupil. A typical visual presentation within this experimental protocol is shown 
in Fig. 2.  

 
Fig. 2 Typical pupil campimetry paradigm to understand the mapping of stimulus 
influences on pupil size 

Here participants go through an adaptation period before being presented with 
colored stimuli at a given size and eccentricity to fixation. This type of protocol is 
designed to target the various cell populations (i.e., rods, cones, and intrinsically 
photosensitive retinal ganglion cells [ipRGC]) known to be involved in the circuit 
that gives rise to the PLR.30 For example, research has found that prolonged 
exposure without lighting for approximately 20 min (i.e., dark adaptation) 
deactivates cones and ipRGC cells such that the PLR is mainly mediated by rods.30 
Conversely, daylight adaptation has been found to deactivate rods, while near-dark 
lighting (i.e., mesopic) conditions indicate a mixture of cell influences.17 
Additionally, this paradigm has provided evidence for distinct cell populations and 
circuitry pathways recruited in response to stimulus properties such as adapting 
luminance,17 monocular presentation,31 color spectrum,32 eccentricity,33 size,32 
depth34 and eye movements35 (e.g., blinks and saccades); traits such as age31; and 
mental health disorders. All of these factors can influence the PLR. 
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While this paradigm has been useful in helping researchers understand the 
mechanisms underlying the PLR, further understanding of the temporal dynamics 
of the transformation from circuitry to pupil response has been limited. This 
knowledge is necessary when trying to understand the influence of complex and 
changing stimuli (i.e., those found in naturalistic contexts) where multiple 
pupillary-influencing stimulus properties are simultaneously and rapidly changing. 
To illustrate this point, compare a pupillary constriction (Fig. 3a) in response to a 
bright stimulus change with a pupillary dilation in response to a dark stimulus 
change (Fig. 3b). These figures illustrate a much slower dilation rate when 
compared with the faster constriction rate. This is likely due to the difference in 
characteristics of the sympathetic and parasympathetic systems that, respectively, 
control the dilation and constriction muscles.17 The temporal complexity of these 
two interacting systems is revealed when stimuli are rapidly presented (e.g., every 
0.03 s). In Fig. 3c the pupil exhibits a robust constriction in response to the briefly 
presented bright stimulus. By comparison, the pupil exhibits no observable dilation 
in response to the briefly presented dark stimulus (Fig. 3d). However, upon offset 
of the dark stimulus (thereby leading to a bright stimulus change back to the 
baseline background color), a constriction can be observed. This constriction is of 
a lesser magnitude than the constriction to the single pulse of light (Fig. 3c). One 
explanation for the reduced constriction is that the interaction between the delayed 
activation of the dilation muscle and faster activation of the constriction muscle 
leads to an overall reduced constriction.36 

In sum, the difficulty in understanding the temporal dynamics of the pupillary 
system is due to the 1) slower pupil dilations when compared with constrictions, 2) 
a unitary output signal that encodes multiple and overlapping inputs, and 3) the 
unknown mapping from a complex image space (with varied patterns of brightness 
over 2D space) to the PLR. 
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Fig. 3 Pupil responses to gray scale stimuli for 3 s (A and B) and 0.3 s (C and D). (A, C) A 
lighter stimulus (compared with previous stimulus) leads to a rapid constriction of the pupil. 
(B) A darker stimulus leads to a slower dilation of the pupil. (D) A briefly presented dark 
stimulus, and subsequent brighter stimulus at the dark stimulus offset, leads to a reduced 
constriction.  

7. What We Have Learned and Need to Learn About Pupil Size 
Changes 

Researchers have forged a number of ways to predict and account for the influence 
of noncognitive influences on pupil size. These modeling efforts have given rise to 
a number of insights about influences on the pupil that do not reflect cognitive 
processes per se.   

Most recently, the modeling conducted by Watson and Yellot is exemplary of 
synthesizing previous research and data.31 In this seminal study, previous model 
predictions of pupil size in response to stimuli were unified to create a predictive 
formula of pupil size. Findings from this research indicate that pupil size changes 
are influenced by traits such as participant age and experimental-design properties 
such as stimulus luminance and size, and whether the study used monocular or 
binocular presentation of stimuli (for more information see Watson and Yellot31). 
Other studies have also found trait-like influences on the pupil, such as 
psychopathologies.17,37 

While the aforementioned formula is useful in predicting normalized stable-state 
pupil changes to light, these modeling efforts were conducted in response to 
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prolonged stimulus presentations after light adaptation (i.e., > 10 s) which does not 
necessarily translate to rapid and transient stimulus changes. 

Recent research has attempted to account for changes in pupil size in response to 
more rapid events. In this approach, researchers have attempted to model the output 
signals of the neural circuitry onto the pupil response.35,36,38 In these methods, an 
event (e.g., blink, saccade, surprising stimulus) is assumed to induce an underlying 
canonical response that can then be mapped onto the pupil response. To estimate 
the canonical response waveform, either the data are fit by using a model around a 
specified event to estimate the waveform4 or by assuming a particular response 
shape and convolving the waveform with a specified event to then predict the 
data.35,39,40 This research line has adopted methods and theories from modeling 
hemodynamic blood flow as used in functional magnetic resonance imaging  
research. Current applications of these techniques assume that 1) there exists a 
canonical response waveform and 2) the waveforms sum linearly. These 
assumptions have allowed for increasingly better model fits to the data, enabling a 
deeper understanding of the mechanisms and factors that influence pupil size. 

While these modeling efforts are promising as a transition to modeling pupil size 
in real-world contexts, the data used to evaluate these models have come from 
single-session experiments. Single-session pupil data sets have limited data for 
understanding individual variation. For example, other research, including our own, 
indicates a substantial variation in pupil responses across subjects and within the 
same subject during repeated sampling. It is unclear whether these differences arise 
from variation in circuit-to-pupil response waveforms, nonlinear summation of 
underlying systems, and/or influences of states and traits. The following section 
covers ongoing efforts and routes to address these knowledge gaps.   

8. Research Efforts in Addressing Knowledge Gaps to Make 
Progress on Enabling Real-World Use of Pupillometry 

Unlocking real-world applications of pupil dynamics requires a multipronged 
research approach consisting of applied and basic knowledge-generating thrusts. 
Applied thrusts can focus on identifying a feature-behavior-cognition space that is 
agnostic and robust to noncognitive influences. Some progress in this vein has been 
made by identifying features such as baseline (Cohen Hoffing R, Thurman S, 
unpublished data), peak response time,13 and time-frequency features,11 which may 
be robustly correlated with cognition across a variety of tasks and contexts. 

Basic knowledge thrusts can focus on understanding and parsing the noncognitive 
temporal dynamics of the pupil in response to varied and rapidly changing stimuli. 
For example, current efforts in the TACK project are aimed at investigating whether 
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pupil size can be used to estimate human states within a realistic virtual 
environment. Specifically, we are currently extending recent modeling 
approaches35,36,38 to model and map the complex space that relates luminance 
changes at various spatial and temporal frequencies to pupil size. Future efforts will 
focus on other pupil-influencing properties such as depth, color spectrum, and eye 
movements. Additionally, other basic research efforts can focus on careful 
measurement of pupil size in response to multiple pupil-influencing stimulus 
properties and their temporal interactions. Complementary to this research effort 
would be not only developing methods and understanding of the mapping from 
stimulus properties to pupil responses, but also determining what factors differ 
according to an individual.  

Similarly, researchers can make further progress on understanding the dynamics of 
the underlying neural circuits and neurochemical systems that give rise to cognitive 
and noncognitive pupil responses.41 Together, these efforts will offer a multifaceted 
view of pupillary dynamics, including functional models and underlying 
mechanisms, to serve as a foundation for further basic and applied research. 

9. Conclusion 

Eye tracking technologies—specifically, pupil size gathered from this 
technology—show great promise in being able to estimate human states that can be 
utilized by intelligent agents to enable efficient teaming with Soldiers. However, 
there remain obstacles to using pupil size changes to enable state estimation in real-
world contexts. Much remains to be learned about the temporal dynamics of pupil 
size changes in response to pupil-influencing stimulus properties unrelated to 
cognitive processes. If achieved, pupil size may prove to be an accessible, robust, 
and cost-effective data source to estimate human states, improve situational 
awareness for the Soldier, and enable effective human-agent teaming.  

  



 

11 

10. References 

1. Kahneman D, Beatty J, Pollack I. Perceptual deficit during a mental task. 
Science. 1967;157(3785):218–219. 

2. Beatty J. Task-evoked pupillary responses, processing load, and the structure 
of processing resources. Psychological Bulletin. 1982;91(2):276. 

3. Beatty J. Phasic not tonic pupillary responses vary with auditory vigilance 
performance. Psychophysiology. 1982;19(2):167–172. 

4. Thurman SM, Cohen Hoffing RA, Lauharatanahirum N, Forster D, Bansal K, 
Garcia JO, Vettel JM. A model-based approach to identify robust pupillary 
correlates of vigilance performance in a 16 week longitudinal study. Under 
review at European Journal of Neuroscience. 2020. 

5. Preuschoff K, ’t Hart BM, Einhauser W. Pupil dilation signals surprise: 
evidence for noradrenaline’s role in decision making. Frontiers in 
Neuroscience. 2011;5:115. 

6. Cohen Hoffing R, Seitz AR. Pupillometry as a glimpse into the neurochemical 
basis of human memory encoding. Journal of Cognitive Neuroscience. 
2015;27(4):765–774. 

7. Kristjansson SD, Stern JA, Brown TB, Rohrbaugh JW. Detecting phasic lapses 
in alertness using pupillometric measures. Applied Ergonomics. 
2009;40(6):978–986. 

8. Nieuwenhuis S, De Geus EJ, Aston‐Jones G. The anatomical and functional 
relationship between the P3 and autonomic components of the orienting 
response. Psychophysiology. 2011;48(2):162–175. 

9. Cavanagh JF, Wiecki TV, Kochar A, Frank MJ. Eye tracking and pupillometry 
are indicators of dissociable latent decision processes. Journal of Experimental 
Psychology General. 2014;143(4):1476–1488. 

10. de Gee JW, Knapen T, Donner TH. Decision-related pupil dilation reflects 
upcoming choice and individual bias. Proc Natl Acad Sci USA. 
2014;111(5):E618–625. 

11. Duchowski AT, Krejtz K, Krejtz I, Biele C, Niedzielska A, Kiefer P, Raubal 
M, Giannopoulos I. The index of pupillary activity: measuring cognitive load 
vis-à-vis task difficulty with pupil oscillation. Proceedings of the 2018 CHI 
Conference on Human Factors in Computing Systems 2018. 



 

12 

12. Faller J, Cummings J, Saproo S, Sajda P. Regulation of arousal via online 
neurofeedback improves human performance in a demanding sensory-motor 
task. Proceedings of the National Academy of Sciences. 2019;116(13):6482–
6490. 

13. Cohen Hoffing RA, Lauharatanahirun N, Forster DE, Garcia JO, Vettel JM, 
Thurman SM. Dissociable mappings of tonic and phasic pupillary features 
onto cognitive processes involved in mental arithmetic. PloS One. 
2020;15(3):e0230517. 

14. Einhauser W, Koch C, Carter OL. Pupil dilation betrays the timing of 
decisions. Front Hum Neurosci. 2010;4:18. 

15. Murphy PR, Vandekerckhove J, Nieuwenhuis S. Pupil-linked arousal 
determines variability in perceptual decision making. PLoS Computational 
Biology. 2014;10(9):e1003854. 

16. Kester L, Kirschner PA, van Merriënboer JJ, Baumer A. Just-in-time 
information presentation and the acquisition of complex cognitive skills. 
Computers in Human Behavior. 2001;17(4):373–391. 

17. Hall CA, Chilcott RP. Eyeing up the future of the pupillary light reflex in 
neurodiagnostics. Diagnostics. 2018;8(1):19. 

18. Rayner K, Smith TJ, Malcolm GL, Henderson JM. Eye movements and visual 
encoding during scene perception. Psychological Science. 2009;20(1):6–10. 

19. Siegle GJ, Ichikawa N, Steinhauer S. Blink before and after you think: blinks 
occur prior to and following cognitive load indexed by pupillary responses. 
Psychophysiology. 2008;45(5):679–687. 

20. Rafal RD, Calabresi PA, Brennan CW, Sciolto TK. Saccade preparation 
inhibits reorienting to recently attended locations. Journal of Experimental 
Psychology: Human Perception and Performance. 1989;15(4):673. 

21. Peterson MS, Kramer AF, Wang RF, Irwin DE, McCarley JS. Visual search 
has memory. Psychological Science. 2001;12(4):287–292. 

22. Reingold EM, Sheridan H. Eye movements and visual expertise in chess and 
medicine. In: Liversedge SP, Gilchrist I, Everling S, editors. Oxford handbook 
on eye movements. New York (NY): Oxford University Press; 2011. p 528–
550. 

23. Brouwer A-M, Hogervorst MA, Oudejans B, Ries AJ, Touryan J. EEG and eye 
tracking signatures of target encoding during structured visual search. 
Frontiers in Human Neuroscience. 2017;11:264. 



 

13 

24. Stern JA, Boyer D, Schroeder D. Blink rate: a possible measure of fatigue. 
Human Factors. 1994;36(2):285–297. 

25. Mathôt S. Pupillometry: psychology, physiology, and function. Journal of 
Cognition. 2018;1(1). 

26. Sirois S, Brisson J. Pupillometry. Wiley Interdisciplinary Reviews: Cognitive 
Science. 2014;5(6):679–692. 

27. Cronin DA, Hall EH, Goold JE, Hayes TR, Henderson JM. Eye movements in 
real-world scene photographs: general characteristics and effects of viewing 
task. Frontiers in Psychology. 2020;10:2915. 

28. Hwang AD, Wang H-C, Pomplun M. Semantic guidance of eye movements in 
real-world scenes. Vision Research. 2011;51(10):1192–1205. 

29. Schmid R, Luedtke H, Wilhelm B, Wilhelm H. Pupil campimetry in patients 
with visual field loss. European Journal of Neurology. 2005;12(8):602–608. 

30. Kelbsch C, Strasser T, Chen Y, Feigl B, Gamlin PD, Kardon R, Peters T, 
Roecklein KA, Steinhauer SR, Szabadi E, Zele AJ, Wilhelm H, Wilhelm BJ. 
Standards in pupillography. Frontiers in Neurology. 2019;10:129. 
https://doi.org/10.3389/fneur.2019.00129 

31. Watson AB, Yellott JI. A unified formula for light-adapted pupil size. Journal 
of Vision. 2012;12(10):12. 

32. Park JC, McAnany JJ. Effect of stimulus size and luminance on the rod-,  
cone-, and melanopsin-mediated pupillary light reflex. Journal of Vision. 
2015;15(3):13. 

33. Kelbsch C, Stingl K, Kempf M, Strasser T, Jung R, Kuehlewein L, Wilhelm 
H, Peters T, Wilhelm B, Stingl K. Objective measurement of local rod and 
cone function using gaze-controlled chromatic pupil campimetry in healthy 
subjects. Translational Vision Science & Technology. 2019 Nov 1;8(6):19. 

34. Alpern M, Mason GL, Jardinico RE. Vergence and accommodation: V. Pupil 
size changes associated with changes in accommodative vergence. American 
Journal of Ophthalmology. 1961;52(5):762–767. 

35. Knapen T, de Gee JW, Brascamp J, Nuiten S, Hoppenbrouwers S, Theeuwes 
J. Cognitive and ocular factors jointly determine pupil responses under 
equiluminance. PloS One. 2016;11(5). 

36. Korn CW, Bach DR. A solid frame for the window on cognition: modeling 
event-related pupil responses. Journal of Vision. 2016;16(3):28–28. 



 

14 

37. Granholm EE, Steinhauer SR. Pupillometric measures of cognitive and 
emotional processes. International Journal of Psychophysiology. 2004. 

38. Denison RN, Parker JA, Carrasco M. Modeling pupil responses to rapid 
sequential events. Behavior Research Methods. 2020:1–17. 

39. Hoeks B, Levelt WJ. Pupillary dilation as a measure of attention: a quantitative 
system analysis. Behavior Research Methods, Instruments, & Computers. 
1993;25(1):16–26. 

40. Wierda SM, van Rijn H, Taatgen NA, Martens S. Pupil dilation deconvolution 
reveals the dynamics of attention at high temporal resolution. Proceedings of 
the National Academy of Sciences. 2012;109(22):8456–8460. 

41. Aston-Jones G. Brain structures and receptors involved in alertness. Sleep 
Medicine. 2005;6 Suppl 1:S3–7. 

  



 

15 

List of Symbols, Abbreviations, and Acronyms 

ipRGC intrinsically photosensitive retinal ganglion cells 

PLR pupillary light reflex 

TACK Tactical Awareness via Collective Knowledge 
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