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Abstract

Pupils constantly change size, not only due to shifts in fixation position or changes in illu-
minance, but also due to changes in arousal, as elicited by a broad number of cognitive
processes. In this thesis, I present pupillometric research into the effects of a process
that may be considered central for human information processing: the selection of stim-
uli. Related literature on perceptual decision-making and visual search suggests stronger
pupil dilations for targets than distractors. And indeed, in previous works, we found pupils
to dilate when fixating a to be selected target in gaze-based human-computer interaction.
Yet, observed effects might be attributed to exogenous factors affecting pupil dilation, such
as changes in illuminance, or endogenous factors, such as varying stimulus valence. In
this cumulative thesis I present results of a systematic investigation into selection using
pupil dilation. Four of my original research works are completed with investigations and
analyses that are reported in this thesis for the first time.

In two initial experiments, pupil dilation was found to be indicative of the repeated selection
of letters. Stronger pupil dilations to targets than to distractors were robust to a number of
exogenous factors affecting pupil dilation simultaneously, such as abrupt changes in illu-
minance. Extending the view to endogenous factors on pupil dilation, we found stronger
pupillary responses when reading the own name compared to other names of low self-
relevance, especially under inhibition. Taking an intermediate role between exogenously
and endogenously triggered processes, differential stimulus probabilities (oddball effect)
might explain a substantial part of differences in effect sizes reported for selection across
existing research. Investigating the interplay of selection and stimulus probability, se-
lection consistently let pupils dilate more for targets than distractors, whereas stimulus
probability alone had no main effect on pupil dilation. However, there was an interaction:
Pupils dilated more when targets were rare compared to being equiprobable or frequent.
Previous investigations propose that task-relevance might be the decisive precondition for
effects to emerge. Narrowing down this factor, results demonstrate that stimuli must not
only be task-relevant for effects to unfold, but also goal-relevant to the beholder. Inte-
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grating these findings, I present a framework for effects of selection based on pupil data:
Stimuli are classified as either goal-relevant or not. In a subsequent step that is lagged
to the initial classification, only goal-relevant stimuli are further evaluated regarding their
relative importance or value. Results of an additional experiment, during which the con-
sequence to errors in the paradigm was systematically varied, provide some tentative first
support for this notion. The synopsis of the here described results suggests that selec-
tion can be assumed to be an integral part of key concepts in cognitive psychology, such
as visual search, emotion, and phenomena such as the oddball effect. Considering pos-
sible application scenarios in human-computer interaction, a ROC analysis shows that
pupils indeed revealed which perceptually equal stimuli are selected and which are re-
jected above chance. Still, such classification performances are - as of today - too low to
allow pupil-based intent recognition alone, suggesting that other predictors would have to
be integrated as well. However, selection has to be considered as central to how we as
humans process information. The systematic analysis of pupil dilation therefore proves to
be a useful method for not only investigating cognition and perception for basic research,
but also for applications.
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1 Introduction: Pupil dilation - a
powerful marker of selection?

Even when illuminance is constant and we do not change our gaze position, our pupils
constantly change size. This is not only the result of the ongoing antagonistic interplay of
the muscles yielding pupillary constriction and dilation, but also of the link between these
muscles controlling pupil dilation and arousal, which in turn is (also) linked to cognitive
processing. Pupils therefore offer a one of a kind option to peripherally monitor cognitive
processes. However, reading one’s pupil size may only provide information as long as it is
known what specific factors affect pupil dilation at a time. Hence, pupil dilation is a timely
indicator of ongoing activation, but reveals rather the quantity of ongoing processing than
the quality of what is processed. For researchers however, pupil dilation may be utilized
to not only reveal the time course of activation that becomes evident in pupil diameter,
but also how this activation is involved in specific cognitive processes by using controlled
experiments. In this thesis, I present a systematic investigation using pupil dilation to
scrutinize a most fundamental process in many cognitive concepts: selection.

Selection can be considered as one of the most fundamental processes for the way we
perceive, behave, and reflect: What will I pick from the shelve for breakfast? What tooth-
brush do I grab in the bathroom? What bus to get on for commuting to work? What letter
do I want to select and thus type next on my smartphone? Recent research suggests that
it might be possible to infer this process of selection in bodily signals as subtle as the time
course of pupillary constriction and dilation: Any time we select, our pupils change size
and might dilate a little more than for unselected objects. Does this mean we could read
from the beholders’ pupils alone whether an incoming option is selected or not? If so, how
would selection exactly be reflected in pupil dynamics? Pupil dilation changes due to a
broad variety of mostly exogenous factors, such as changes in illuminance or when fixat-
ing nearer objects, but also due to endogenous factors, such as changes in mental effort
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1 Introduction: Pupil dilation - a powerful marker of selection?

or emotional activation. Would we thus still be able to see whether a participant selects or
not when exogenous or endogenous factors affect pupil dilation simultaneously?

In recent investigations, we have demonstrated that the selection of letters via gaze is in-
deed associated with pupils dilating, however, in the respective investigations, we did not
assess changes in pupil dilation for letters that needed rejection. Therefore, our previous
research left unanswered whether pupils change differentially for selected and rejected
stimuli. In this cumulative thesis, the effects of selection on pupil diameter were systemat-
ically investigated using the selection/rejection of letters as operationalization.

In Study I, we propose a framework suggesting to integrate different ocular parameters
that might convey information on the intent to select for enhancing gaze-assisted human
computer interfaces. Specifically, we suggest to consider whether observed fixations are
ambient or focal and whether changes associated with selection are observed in pupil
and microsaccade dynamics. In Study II, we detail an experiment into the effects of se-
lection on pupil dilation. In this investigation, exogenous factors affecting pupil size were
conjointly manipulated. Results demonstrate consistently that pupils dilate more when
looking at to be selected letters in comparison to looking at distracting letters. While ex-
ogenous effects were monitored to strongly affect pupil size, these effects did not conceal
the effects of selection. This indicates that selection indeed becomes visible in pupil di-
lation. But could, aside from our current tasks and goals, some endogenously relevant
stimuli affect pupil dilation? Extending the view also to endogenous stimuli, participants
were presented with common first names, including their own name in Study III. While
the names were irrelevant to the participants’ parallel task, names of highly rated rele-
vance to the participant and particularly the participants’ own names elicited a stronger
pupil dilation than other names. This effect was especially accentuated during inhibition,
suggesting that pupil-linked arousal elicited by stimuli carrying endogenous importance,
irrespective of the momentary goals of the observer, is hard to inhibit. In Study IV, effects
of selection were conjointly investigated with the effects of differential stimulus probability
(oddball effect). Hereby, target/distractor letters were block-wise either rare, equiprobable
or frequent. Oddball effects on pupil size emerged only for goal-relevant stimuli, but not
for only task-relevant or fully irrelevant stimuli. Furthermore, effects of selection affected
pupil size systematically earlier than the interaction of selection and stimulus probability,
suggesting a sequential course of events. Effects of selection are hence understood as
reflecting the binary classification of stimuli into either goal-relevant or not goal-relevant,
whereas further evaluation takes place in a subsequent step.
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1 Introduction: Pupil dilation - a powerful marker of selection?

In chapter 2, literature on perceptual decision-making and visual search is introduced,
forming the most relevant theoretical basis for selection. In chapter 3, I present cen-
tral findings on pupil dilation. Here, literature on exogenous (3.2) and endogenous (3.3)
factors affecting pupil dilation is introduced after a short introduction into physiological
properties of the pupil (3.1). Two intriguing debates on pupil dilation are then presented:
possibilities on changing pupil size at direct will (3.4) and the evolutionary function of
arousal-linked pupil size changes (3.5). As the principal research question of this the-
sis was inspired by application scenarios of pupillometry in human-computer interaction
(HCI), I end the theoretical introduction with a short overview of previous works into the
matter, including my own (3.6). Central aims and the outline of the thesis are presented
in chapter 4, followed by methodological considerations and the experimental paradigm
in chapter 5. Summaries to the original articles are given in chapter 6. Subsequently,
experiments and analyses reported for the first time in this thesis complete the picture in
chapter 7. The original research works as well as further experiments and analyses are
discussed in chapter 8. Key findings of the four articles are given in section 8.1. Implica-
tions for selection as part of and in the light of different cognitive concepts are discussed
(8.2), as well as for pupillometric experiments (8.3), the interpretation of results regard-
ing the evolutionary function of endogenously driven pupil size changes (8.4), possible
application scenarios (8.5), and future fields of research (8.6).
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2 Selection

Picking one object from a set of physically or mentally available stimuli presented with
differing spatial locations or in a temporal succession will be referred to as target selec-
tion or short selection in this thesis. When interacting with any given scene containing at
least some information, activating memories, or imagining something, we arguably need
to select which units shall be picked for potential further mental of physical interaction.
Selection must hence be considered as a fundamental process in the way we think and
interact with the environment. As such, the process of selection may constitute a part of
several psychological constructs. Possibly closest contact points can be seen with per-
ceptual decision-making and visual search. First, selection can be understood as result of
a binary decision process that is performed for any incoming exogenous or endogenous
stimulus. Therefore, results and theoretical models of binary, perceptual decision-making
may allow for understanding how selection comes into place and its consequences for cog-
nition. Second, for the concept of visual search, it is explicitly investigated how selection is
shaped and how it affects us. In the following, key findings for perceptual decision-making
and visual search with a focus on derived assertions for selection will be introduced.

2.1 Perceptual decision-making

Will I apply for post-doctoral positions or strive for a career in industry after finishing my
thesis? Did I just hear a sine wave tone in a signal detection task amidst auditory noise?
Both questions may be labelled as a decision between two options, yet the scale of the
complexity of available information is very much different. Consequently, investigations
into how humans derive with their decision in each scenario may require completely differ-
ent theoretical and methodological approaches. While one may argue that any complex
decision is composed of a finite number of binary decisions, this example illustrates how
important a precise definition of the (linguistically) broad decision-making is.
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2 Selection

Possibly resulting from this vague and broad linguistical understanding, an abundance
of theories into decision-making exist. However, many of these theories are hard to test
and very general in nature. Therefore, Gigerenzer (1996) advocates for the usage of
process models, as they may allow for deriving with specific hypotheses and testable
predictions instead of explaining everything and nothing at once. Such models may in
turn be tested using behavioral measures, such as reaction times and errors, but also
using psychophysiology. A more narrow definition of decision and decision-making, based
upon literature on perceptual decision-making, the arguably closest concept to selection,
is introduced in the following.

Choosing one option from a set of alternatives relying on available sensory input is com-
monly referred to as perceptual decision-making. Hereby, the perceptual information must
be acquired and interpreted and behaviour needs to be executed based on this inter-
pretation (e.g. Hanks & Summerfield, 2017; Heekeren, Marrett, & Ungerleider, 2008).
E.g., during a signal detection task, noisy visual or auditory information needs interpre-
tation, which then needs be translated into action; in common experimental paradigms
this usually implies pressing a key. Although this key press is commonly necessary in
experiments, perceptual decision-making must, of course, also be possible without con-
sequential overt motor action. In the following, I will refer to decision-making, meaning
perceptual decision-making unless otherwise stated. In current lines of research into
decision-making, mathematical models from psychology are applied to behavioral mea-
sures, i.e., response times and error rates (Ratcliff, 1978). These data are increasingly
often combined with neuroscience methods such as functional magnetic resonance imag-
ing (fMRI) or electroencephalography (EEG) (see Heekeren et al. (2008) and Hanks and
Summerfield (2017) for reviews). Building on early works from mathematical psychology
(Wald & Wolfowitz, 1950), drift diffusion models (DDM) have become increasingly popular
for modeling and analyzing binary decision-making, especially in two-alternative forced
choice tasks (Maddox & Ashby, 1993; Ratcliff, 1978; Ratcliff, Smith, Brown, & McKoon,
2016; Ratcliff, Van Zandt, & McKoon, 1999). Hereby, evidence is assumed to be accumu-
lated for both options over time (usually referred to as drift rate). A decision is reached
once accumulated evidence of one of the options exceeds a threshold (usually referred to
as decision bound). Drift rates are understood as a stochastic process, this implies that a
threshold may be crossed due to noise, eventually leading to an erroneous response (see
Ratcliff et al. (2016) for a review). The introduction of diffusion modelling has significantly
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2 Selection

expanded this field of research, but it is important to remember that this is primarily a
different way of analyzing and understanding reaction times and error rates.

Reaching a decision is not only affected by the available sensory information, but also by
the difficulty of a task, prior probability of an event, the outcome of prior decisions, as well
as attentional mechanisms. Building on research from the neurosciences, Heekeren et al.
(2008) propose the existence of four distinct but interacting neural systems that are at least
partially active simultaneously: (1) One system accumulating and comparing evidence
that is available from the sensors, (2) one detecting difficulty or uncertainty and mobilizing
more attentional resources when needed, (3) one representing decision variables, defined
as a quantity related to the likelihood of one option versus another, and, finally, (4) a
system monitoring performance that detects errors and identifies when decision-making
needs adjustment for optimizing performance.

As the hemodynamic signal employed in fMRI research is quite torpid, precise assertions
about the temporal order of such systems are hard to make (Hanks & Summerfield, 2017).
Here, EEG systems come into place, providing a measure allowing temporal resolution
into the milliseconds (Kelly & OConnell, 2015). And indeed, perceptual decision-making
is reflected in EEG responses, such as the P300 that is linked to dynamically growing
decision signals (Twomey, Murphy, Kelly, & O’Connell, 2015). Interestingly, effects that
become visible in the P300 are hypothesized to also affect pupil dilation, as Nieuwen-
huis, De Geus, and Aston-Jones (2011) point out. In line with this assumption, at least
for decision-making, Einhäuser, Stout, Koch, and Carter (2008) indicate that pupils di-
late when deciding, in this case during perceptual rivalry (but see also Hupé, Lamirel,
and Lorenceau (2009)). In very recent research, drift diffusion models have also been
combined with pupillometric measurements: Correlations with specific components of the
drift diffusion model have been put forward, mostly with the drift rate (e.g. de Gee et al.,
2017; de Gee, Knapen, & Donner, 2014; Schriver, 2020), but also with decision bounds
(Cavanagh, Wiecki, Kochar, & Frank, 2014).

In this thesis, only the process of selection itself, or a drift rate crossing a threshold from
a DDM perspective, will be examined more closely. In other words, certainty of stimuli will
be kept constantly high, the likelihood of one option versus another remains constant or
will be instructed upfront, and strategies for task completion need not be changed after
familiarization with the task for optimizing performance. Hence, apart from the aim of the
present investigations, selection itself, all other aforementioned factors remain stable.
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2 Selection

2.2 Visual search

There is an evident overlap of perceptual decision-making with parts of other concepts
in human information processing. Perhaps most strikingly, decision-making and visual
search show substantial theoretical and practical points of contact: Both perceptual dec-
ision-making and target selection in visual search share common theoretical roots, such
as the signal detection theory (Verghese, 2001). Furthermore, neural mechanisms as-
sociated with target selection during perceptual decision-making under uncertainty are
observed also during visual search, even when temporal and spatial uncertainty is low
(Loughnane et al., 2016).

Based on the works of Treisman and Gelade (1980) on their feature-integration theory of
attention, several accounts have been proposed for investigating and understanding visual
search (e.g. Duncan & Humphreys, 1989; Treisman & Gelade, 1980; Wolfe, 1994). Visual
search commonly refers to the behavior performed in order to find a specific object (re-
ferred to as target) from a visual scene filled with other objects (referred to as distractors
(e.g. Wolfe, 1994)). Basic paradigms comprise a set of distracting stimuli in varying num-
bers, either accompanied by a target stimulus or not, with all stimuli being distributed over
the visual display. Participants have to indicate whether a target was present or not as
fast and accurate as possible. Putting reaction times and display size into relation allows
to distinguish two modes of visual search (Treisman & Gelade, 1980): Efficient or parallel
search is assumed when a function calculated from the aforementioned proportion grows
only little with increasing display size (search rates < 10 ms per stimulus). Inefficient or
serial search is assumed when the function increases linearly with display size (search
rates > 10 ms per stimulus; Müller and Krummenacher (2006)).

Wolfe (1994) assumes that bottom-up (i.e., perceptual) stimulation is first broken up into
broadly tuned categorical channels (e.g., color, orientation, etc.). Subsequently, this in-
formation is integrated into a feature map by including top-down information, as bottom-
up activation alone will not guide attention towards the target if items were not unusual,
which finally leads to an activation map. In this activation map, regions of higher interest
(bottom-up and top-down) will first be attended to, with regions of the next highest interest
attended to next and so forth until the target is found and selected. The concept of such
a map enhanced with top-down activation finds support from the neurosciences, as well
as more mathematically driven investigations of visual search (Fecteau & Munoz, 2006).
During visual search tasks, two selection processes take place: first, a new location for
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2 Selection

visual inspection is chosen (spatial selection); this process seems to be driven mostly by
bottom-up features and can only be altered at a later point in time via top-down modu-
lation (Theeuwes, 2010). Spatial selection usually refers to picking one location/object
out of a set of locations/objects for more detailed inspection, which is a necessity, as the
complexity of visual scenes exceeds human processing capacity (Tsotsos, 1990). Sec-
ond, the processed object gets discriminated and presumably compared to an internal
representation of the search target (target selection) (Wolfe, 2010). If fitting the internal
representation, the target would be selected. This later selection can be understood as
a perceptual decision (Smith & Ratcliff, 2009). Although hard to distinguish in oddball
search tasks (usually one target, many distractors), these two steps indeed reflect sepa-
rate mechanisms that work in an additive manner (Ghorashi, Enns, Klein, & Di Lollo, 2010)
and can be investigated separately or with a focus on the transition from one to another,
for example by using the additional singleton task (Theeuwes, 1992).

For this thesis, the latter decision (i.e., target selection) will be the focus of investiga-
tion. However, these investigations are not in the context of classical perceptual decision-
making tasks or visual search tasks, such as random dot kinematograms or oddball search
tasks, but in the context of the selection of letters that are presented at a similar location
in temporal succession. Hereby, possible effects of spatial selection are controlled. Espe-
cially in the last 15 years, pupillometric measures have gained popularity for investigating
ongoing cognition, including decision-making and visual search from psychology and the
neurosciences, promising timely and finely grained information on changes in autonomous
activation during these processes.
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3 Pupillometry

In the following, I shortly introduce the physiological basis of pupil dilation and its most
central neural correlates. Subsequently, findings on central factors influencing pupil size
falling within scope of this thesis are described. Factors are split into exogenous and
endogenous factors. Hereby, exogenous factors are understood as those influences on
pupil dilation that are observable without having any knowledge about ongoing cognitive
processing. That is, factors such as changes in illuminance, external stimulation, or motor
movements. Endogenous factors label factors that affect pupil dilation due to cognition.
But why do such changes occur? I then introduce the ongoing debate about the possible
evolutionary advantages of endogenously driven pupil size changes. The central aims of
this thesis were developed based on our work on possibilities to change the own pupil
sizes on purpose and possibilities for applications. Therefore, literature on possibilities to
alter pupil dilation on command and applications of pupillometry are addressed at the end
of the theoretical introduction.

3.1 Physiology and neural correlates

The pupil is the approximately round and transparent aperture in the center of the eye
(despite appearing black due to the dark inside of the eye). The form ranges in size and
also varies greatly in its functionalities between species (see Douglas (2018) for a review).
In humans, pupils range between 1 mm and 9 mm in diameter (Beatty & Lucero-Wagoner,
2000). The pupil is surrounded by a coloured area, the iris, that contains the antagonistic
muscle system of smooth musculature determining the pupil size: Musculus Shpincter
Pupillae lets pupils constrict and Musculus Dilator Pupillae lets pupils dilate.

Among others, the Sphincter Pupillae is innervated by parasympathetic fibres directed
from the Edinger-Westphal nucleus via a cholinergic projection. The Edinger-Westphal
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3 Pupillometry

nucleus has been demonstrated to receive input from the pretectum, which in turn re-
ceives input from the retina and hence controls the light reflex (Gamlin & Clarke, 1995).
The antagonist Dilator Pupillae is positioned in front of the Sphincter muscle and receives
its innervation from sympathetic fibres. For an extensive overview of innervation and fur-
ther details on the pupillary muscles’ physiology, see Loewenfeld (1993). This innervation
implies that pupil size changes at constant illuminance and fixation position also due to
differential activation of the antagonistic sympathetic/parasympathetic system, i.e., due to
changes in arousal or the activity of the autonomous nervous system. In the following,
such variations in pupil diameter will be referred to as arousal-linked. While several pe-
ripheral indicators of arousal exist, such as skin conductance or heart rate, it must be
noted that these variables do not perfectly covary with pupil dilation. Hence, the pupil size
seems to index some more specific aspect(s) of arousal, not arousal in general.

Different neurotransmitter systems and their most prominent neural correlates have been
associated with arousal-linked pupil size changes. Most prominently, Locus Coeruleus
(LC) projects to sympathetic neurons (ultimately yielding dilation), but also to the Edinger-
Westphal nucleus and hereby inhibits parasympathetically driven constriction (Samuels &
Szabadi, 2008). LC contains the highest number of noradrinergic neurons in the brain; it
has been demonstrated that variations in activity in the LC go along with variations in pupil
diameter by a high correlation (Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Joshi,
Li, Kalwani, & Gold, 2016; Murphy, O’Connell, O’Sullivan, Robertson, & Balsters, 2014;
Rajkowski, Kubiak, & Aston-Jones, 1993). For example, for participants tracking multiple
objects, pupil dilation predicted activity in the LC better than the number of tracked objects
(Alnæs et al., 2014). Hence, processes involving changes in LC activation affect pupil
dilation, shaping the pupil a peripheral marker of this central activation.

3.2 Exogenous factors

The focus of this work will be on arousal-linked, cognitively driven changes of the pupil.
Hence, exogenous factors will be described only shortly in this section.
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3.2.1 Pupil light response and pupil near response

When illuminance increases, pupils constrict, whereas pupils dilate when illuminance falls.
Latencies of the pupil light reflex vary between participants; for example, in a study with
differential levels of illuminance, latencies ranged between 220 ms and 500 ms in 19 par-
ticipants. Hereby, latencies decrease with more different levels of illuminance relative to
baseline, whereas the rate of maximum constriction/dilation increases (Ellis, 1981). Be-
sides the absolute level of illuminance, the spectral composition of the light plays also a
role, with blueish light causing stronger constrictions than reddish light of the same inten-
sity (Kardon et al., 2009). Mathôt (2018) states that the frequently mentioned function of
the pupillary light reflex protecting the eyes against too much potentially harmful influx of
light cannot be sustained: Instead, the primary function of the pupil is to adjust during
varying levels of illuminance, especially when illuminance falls suddenly. As it takes sev-
eral minutes for rods and cones to adapt to a suddenly substantially lower illuminance, a
dilating pupil may cushion the slow pace of this effect by letting more light in, especially
until adaptation has progressed (Woodhouse & Campbell, 1975).

Apart from fluctuations in illuminance, pupil dilation changes during the near response.
Whenever we move our gaze position from a more distant location to a closer location, at
least closer than about 7 m to ourselves, our eyes adapt to deliver a sharp image. The
so called near triad comprises vergence, accommodation, and the pupil near response.
Vergence signifies the angle of the eyes to each other, with eyes rotating inwards for closer
fixation depths. Accommodation refers to the process of changing one’s lens shape in
order to ensure focus with changing fixation depths. The pupil near response refers to the
phenomenon that pupils constrict when fixating to a closer depth (e.g. Kasthurirangan &
Glasser, 2005). While usually considered a reflex, it has been repeatedly demonstrated
that these three factors can be decoupled (e.g. Stakenburg, 1991).

3.2.2 Changes in gaze position

The focus of covert attention usually precedes the current gaze position (Deubel & Schnei-
der, 1996). Possibly due to the latency of the pupil light response (see 3.2.1), a preparatory
pupil response can be observed to the covertly attended object. This results in moderate
changes of pupils during or before the eye movement, even before the next fixation begins
(Mathôt, van der Linden, Grainger, & Vitu, 2015).
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3.2.3 Effects of non-visual stimulation

Stimulation that affects pupil dilation is not limited to the visual modality. For example,
also auditory stimulation may cause pupils to dilate (see Zekveld, Koelewijn, and Kramer
(2018) for a review on effects of auditory stimuli).

Another factor is motor execution and its preparation. For example, Richer and Beatty
(1985) and Hakerem and Sutton (1966) have shown pupils to dilate when participants
pressed a key. This effect seems not to be depending on the body movement alone, as
also motor imagery has been demonstrated to affect pupil dilation (Bumke, 1911; Rozado,
Duenser, & Howell, 2015).

3.2.4 Stimulus probability: Oddball effects

In a stream of stimuli, stimuli of low probability (oddballs) are associated with a larger pupil-
lary response than frequent stimuli (e.g. Murphy, O’Connell, et al., 2014). The difference
in pupil dilation between rare stimuli and frequent stimuli (oddball effect) is the larger, the
more disproportionate the relation (e.g. Gilzenrat et al., 2010; Qiyuan, Richer, Wagoner, &
Beatty, 1985). However, in pupillometric investigations, effects of stimulus probability are
so far confounded with potential effects of motor execution (see 3.2.3): When detecting
a rare stimulus, participants are asked to press a button or key, whereas frequent stimuli
are not followed by a key press. During such tasks, one may also speculate about the
involvement of endogenous factors affecting pupil dilation: A decision process has to take
place for each presented stimulus, intertwining reported effects with effects of decision-
making (see 3.3.5). Consequently, it is unclear whether stimulus probability has a main
effect on pupil dilation or only affects pupil dilation via an interaction. The effect of odd
stimuli on pupil sizes might reflect that irregularities affect pupil sizes (Kloosterman et al.,
2015; Preuschoff, t Hart, & Einhäuser, 2011). Therefore, while stimulus probability can be
observed from the outside, it is unclear whether differential stimulus probability alone pre-
dicts a pupil response, just as moving a finger for pressing a key or a change in observed
illuminance does.
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3.3 Endogenous factors

Building on even earlier works and besides his comprehensive research on pupil size
changes in general, Bumke (1911) focused on endogenous factors and their effects on
pupil dilation (also see the first edition of his book from 1904). He concludes that ’any
bodily event, any psychic effort, any impulse of the will, whether followed by a muscle
action or not, any shift in attention, any vivid imagination, no matter the specific content,
may as well cause a pupil dilation, as any sensible stimulation directed to the brain from
the peripheral organs. (Translated analogously from German, pp. 61-62)’. Consequently,
cognitive processes may be investigated using pupil dilation, explaining the vivid interest
of cognitive psychology and related disciplines seen in pupil dilation as of today. In the
following, only the most central endogenous factors in pupillometric research and for this
thesis will be covered (see Einhäuser (2017), Mathôt (2018), Laeng and Alnaes (2019),
and Sirois and Brisson (2014) for current reviews on the matter).

Do arousal-linked pupil dilations result from sympathetic activation of the dilator mus-
cle or from inhibition of the parasympathetically innervated sphincter? Braunstein (1894)
demonstrates that the removal of sympathetic areas in the rabbit brain reduces psycho-
sensory pupil responses slightly, but does not stop them. When parasympathetic areas in
the cortex were destroyed instead, no pupillary responses can be observed whatsoever,
letting him assume that pupil dilations come into place due to an inhibition of the Nervus
oculomotoris at some place. Bumke (1911) later describes that complete paralysis of the
sympathetic system did not prevent pupils from dilating in response to painful stimulation,
suggesting a strong role of the inhibition of the Sphincter, still, the amplitude of dilations
was found slightly reduced. These findings led him assume that pupil dilation is mediated
in a two-fold manner: primarily by the inhibition of the sphincter muscle, but also by some
excitatory influence of sympathetic activation. Other early investigations support the idea
of inhibition of the constriction yielding sphincter as primary source of arousal-driven pupil
size changes (e.g. Bechterew, 1895; Hartgraves & Kronfeld, 1931). For example, it has
been demonstrated that drugs such as cocaine or epinephrine do not only cause the dila-
tor to be more active, but also lead to relaxation of the sphincter muscle (e.g. Hartgraves
& Kronfeld, 1931). In a more recent investigation, Steinhauer, Siegle, Condray, and Pless
(2004) let participants calculate either in a very dark or in a very bright surrounding and
compared resulting pupil responses to those of a control group performing an easy control
task. Results showed that the pupil dilated further under bright conditions than in dark con-
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ditions when calculating compared to the control, suggesting at least some contribution of
the sphincter to arousal-linked pupil size changes. In a second experiment, participants
performed the same task, but either the sympathetic dilator or the parasympathetic sphinc-
ter were blocked pharmacologically and compared along with a placebo control. Hereby,
pupillary behavior was similar to the control when the dilator was blocked. These results
imply that arousal-linked pupil dilations are primarily the result of cortical inhibition of the
parasympathetic pathway (Steinhauer et al., 2004). This conclusion is also supported by
other investigations performed in the dark (Steinhauer & Hakerem, 1992).

3.3.1 Illuminance-linked endogenous factors

An intermediate role between exogenous and endogenous factors is taken by the effects
that can be elicited by cognition alone, but are linked to differential levels of illuminance.
Hudgins (1933) demonstrated that words that have been conditioned with differential illu-
minances elicit changes in pupil size when subsequently verbalized by participants. Naber
and Nakayama (2013) show that images of the sun elicit a larger pupil constriction than
pictures of the moon when presented upright than when presented inverted with factual
image brightness kept constant. Laeng and Sulutvedt (2014) demonstrate that imagining
scenes of differential brightness affects pupil size in a similar fashion, that is, imagining
the sun leads to a pupillary constriction and were hence rediscovering and investigating
systematically with state of the art methods what has been described by Goldflam (1922)
and Budge (1855) before. Goldflam (1922) describes how imagining the sun lets pupils
constrict substantially in a participant who lost eyesight with the difference between imag-
ining total darkness and the sun reaching up to about 5 mm. Attending covertly towards
differential brightnesses while keeping gaze position constant may further reveal where
the current locus of attention is in space, as first described by Haab (1886): When gaze
position is kept constant in a dimly lit room, shifting attention towards the flame of a can-
dle that is positioned to the side of the fixation position lets pupils constrict (Haab, 1886).
More than a hundred years later, Mathôt, Van der Linden, Grainger, and Vitu (2013) de-
scribe the same phenomenon with constant fixation position and objects of differential
brightnesses. By its corresponding change in pupil size, the location of covert attention is
revealed (Mathôt, Melmi, Van Der Linden, & Van der Stigchel, 2016; Mathôt et al., 2013).
See Mathôt (2018) for a review of current literature on the matter, for older literature, refer
to the literature provided here into the same phenomena.
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3.3.2 Mental effort

While not the first (e.g. Bumke, 1911) to observe and describe the phenomenon in a sci-
entific manner, Hess and Polt (1964) and Beatty and Kahneman (1966) re-popularized
and disseminated the finding that pupils dilate when calculating with increasingly diffi-
cult arithmetic tasks and when memorizing digit spans. In the following decades, this
principal finding has been replicated numerous times. In contrast to initial ideas of pupil
dilation scaling linearly with task demands, however, it is now well established that this
relation is somewhat limited: When tasks become more and more difficult, pupil dilation
first increases, then levels (Peavler, 1974), and finally slackens when difficulty is too high
(Granholm, Asarnow, Sarkin, & Dykes, 1996). This is probably due to participants giving
up. That is, while pupil dilation seems to be linearly linked to mental effort, the relation
with task difficulty takes the form of an inverted u-shape. In line with this finding, in their
comprehensive review on pupil dilation as index of cognitive control, van der Wel and van
Steenbergen (2018) argue that observed effects are more likely to reflect mental effort
than task demands or load.

3.3.3 Sexual arousal

Sexual arousal is reported to be reflected in pupil dilation: Hess, Seltzer, and Shlien
(1965) presented erotic pictures of women and men to heterosexual and to homosexual
men. Heterosexual males showed larger pupil dilations when looking at pictures of women
than when looking at pictures of men, while this pattern was inverted in homosexual men.
However, in an investigation following up on the question of sexual arousal in its effects on
pupil size, women and men showed equally larger pupil sizes to images depicting nude
than to images depicting clothed individuals, irrespective of their gender. This finding lets
Aboyoun and Dabbs (1998) conclude that at least some of the previously described effects
may be attributed to the higher novelty of erotic stimuli rather than sexual arousal itself.
Presenting a large sample of either men or women of differential sexual orientations with
erotic pictures of men and women revealed strongest pupil dilations for bisexual men to
erotic images of male and female sex. For women, however, heterosexual women showed
the largest pupil dilation in response to erotic pictures of men and women (Rieger & Savin-
Williams, 2012).
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3.3.4 Emotional arousal

Another prominent concept that has been addressed using pupillometry is emotion. More
specifically, pupil dilation has been suggested to scale with emotional arousal, but not va-
lence (Janisse, 1974). This result was later supported by investigations using brightness-
adjusted IAPS pictures of differential emotional content (Bradley, Miccoli, Escrig, & Lang,
2008), as well as by investigations using emotional sounds from the IADS data base (Par-
tala & Surakka, 2003). Concurrently assessed skin conductance and heart rate also
showed effects of arousal, but skin conductance was also differential for pleasant com-
pared to unpleasant images of equally rated arousal. Heart rate, however, only changed
for unpleasant images and did not show changes for pleasant relative to neutral images
(Bradley et al., 2008). Arousal tracked by pupil size may thus not be equated with arousal
tracked by skin conductance or heart rate (Bradley et al., 2008), although there is some
overlap between skin conductance and pupil dilation (Ehlers, Strauch, Georgi, & Huckauf,
2016; van Hooijdonk et al., 2019).

While pupil dilation may thus very likely not dissociate emotional valence, the time course
of pupil-linked arousal might still provide information about changes in emotional process-
ing. The investigation of this time course in turn allows for subjecting different accounts of
emotion to tests (see 8.2.3).

3.3.5 The adaptive gain theory and perceptual decision-making

As pointed out before (see 3.1), the LC-norepinephrine system closely covaries with pupil
dilation. Due to the covariation of pupil dilation and LC activation with cognitive processes,
there has been intense speculation about the role of the LC during cognition and in turn
on what may be observed when tracking pupil dilation during cognitive tasks (Berridge &
Waterhouse, 2003). The adaptive gain theory (Aston-Jones & Cohen, 2005) hypothesizes
differential roles for phasic and tonic activity of LC, which are in turn reflected in pupil dila-
tion: Phasic firing rate is elicited when responding to behaviorally relevant stimuli, thought
to facilitate and consolidate decision processes necessary for the task (so-called exploita-
tion of sources of reward or task engagement). During tonic activity, there is higher LC
baseline activity, with phasic activity being reduced. Here, participants may be distracted
more easily and task-performance is generally lower. However, this allows to increase
so-called exploration (or disengagement) for other sources of reward. Meanwhile, several
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studies have vindicated this general idea regarding the roles of phasic and tonic compo-
nents becoming visible in pupil size (e.g. Cheadle et al., 2014; Gabay, Pertzov, & Henik,
2011; Gilzenrat et al., 2010; Jepma & Nieuwenhuis, 2011). See Mulder, Van Maanen,
and Forstmann (2014) for a review focussing on fMRI as a method into largely connected
questions.

Besides other regions suggested to be involved in accumulating evidence, such as the dor-
solateral prefrontal cortex (Philiastides, Auksztulewicz, Heekeren, & Blankenburg, 2011),
the LC-norepinephrine system has repeatedly been proposed to play a role in decision-
making, perceptual (e.g. Einhäuser et al., 2008; Kloosterman et al., 2015) and behavioral
(e.g. de Gee et al., 2014; Einhäuser, Koch, & Carter, 2010). For perceptual rivalry, Ein-
häuser et al. (2008) report that when being presented with ambiguous visual or auditory
stimulation, perceptual switches are preceded and accompanied by dilating pupils. Fur-
thermore, the magnitude of pupil dilation was found to predict the duration of subsequent
periods of perceptual stability. Einhäuser et al. (2008) suggest that dilating pupils during
perceptual selection thus reflect changes in the LC-NE system. Addressing behavioral
decision-making, participants were presented with numbers and instructed to push a lever,
for numbers they wanted to select; selection in turn was associated with a stronger pupil
dilation. Excluding that these effects were solely due to motor execution, in a second ex-
periment, participants had to decide what number to select during the sequential presen-
tation, but needed to indicate their pick only after the trial. In both experiments, selected
numbers were associated with a larger pupil dilation than rejected numbers. However, this
effect was much smaller without key press (Einhäuser et al., 2010). Pupils also dilate more
when participants believed that a signal was present in a signal detection task, irrespec-
tive of the actual presence of a stimulus (de Gee et al., 2017; de Gee et al., 2014). These
findings correspond to earlier experiments using signal detection tasks, where the iden-
tification of a target was associated with a larger pupil dilation than during trials without
target (Hakerem & Sutton, 1966). Applying drift diffusion modeling (see 2.1) to reaction
time data lets assume that pupil dilation is associated primarily with the drift rate and
hence the accumulation of evidence when deciding (de Gee et al., 2017; de Gee et al.,
2014; Murphy, Vandekerckhove, & Nieuwenhuis, 2014), although there are also reports
assuming a connection to decision thresholds (Cavanagh et al., 2014). Preuschoff et al.
(2011) suggest that pupil dilation might reflect the encoding of error signals for uncertainty
as dopamine does for reward, based on results showing that pupil changes when erring in
judging uncertainty. As pointed out in 2.1, decision-making is increasingly investigated us-
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ing pupil dilation. While this thesis focuses on selection itself rather than how uncertainty,
decision variables, or strategy adjustments are reflected in pupil dilation, a growing body
of recent investigations addresses these components using pupil size (e.g. Urai, Braun, &
Donner, 2017).

3.3.6 Visual search

When considering the link between mental effort and pupil dilation (3.3.2), it comes little
surprisingly that pupil dilation also scales with complexity during visual search tasks. That
is, pupils dilate more when visual scenes are more complex with relatively more distractors
during search (e.g. Geng, Blumenfeld, Tyson, & Minzenberg, 2015).

While visual search is quite naturally investigated using eye-tracking, pupillometric inves-
tigations into components of visual search are not widespread. This is probably due to
a key methodological challenge: Visual search usually allows and requires participants
to move their gaze freely. However, changes in gaze position are associated with dis-
tortions of estimated pupil sizes for videobased eye-trackers (see 5.2). Overcoming this
hurdle, Privitera, Renninger, Carney, Klein, and Aguilar (2010) used a rapid serial visual
presentation protocol. They kept fixation position constant and presented foveated im-
ages in a temporal succession corresponding to the alteration of images during regular
viewing. Hereby, effects of saccade planning can be assumed to have been excluded
from effects of the decision on a target’s presence. Pupils dilated about 0.1 mm more
when detecting a target and pressing a key. This effect may have been solely caused by
pressing a key (see 3.2.3), however, in a condition without key press, a small incremental
dilation of about 0.025 mm was found for pictures including targets compared to pictures
without targets (Privitera et al., 2010). Larger pupil dilations were later also demonstrated
in combination with target detection and a key press during free viewing visual search
(Privitera, Carney, Klein, & Aguilar, 2014). When aligning pupillary changes to fixations
in visual search, larger pupil dilations have also been reported for fixating a target com-
pared to fixating elsewhere (Klingner, 2010; Martin, 2019). Comparable effects have been
described for detecting hostile objects during simulated air traffic control (Peysakhovich,
Vachon, Vallières, Dehais, & Tremblay, 2015). Here however, pupils were already larger
before fixating targets than before other fixations, which is why these results should be
handled with care.

The size of effects, as well as the temporal dynamic of the pupillary signal are strikingly
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similar to effects on pupil diameter reported for decision-making tasks. This implies that
discriminating whether a processed object is a target or not during visual search indeed
relies on the same process as perceptual decision-making, at least in its effect on pupil
size. This common process could be understood as a transition between cognitive states
in terms of the adaptive gain theory (Martin, 2019). Integrating results from decision-
making and visual search demonstrates need for further research, especially with regard
to possible effects of motor execution and stimulus probability (oddball effects) as con-
founds. In existing research, experiments involved a key press for targets and distractors,
or a key press was required in one part of an experiment, but not in another (Einhäuser
et al., 2010; Privitera et al., 2010). Alternatively, a target was given in visual search, how-
ever, with no corresponding distractor requiring a key press (Privitera et al., 2014; Privitera
et al., 2010). Additionally, the oddball effect might have interacted with decision-making,
as targets were less frequent than distractors in decision-making tasks as well as in visual
search (e.g. Einhäuser et al., 2010; Klingner, 2010; Privitera et al., 2014; Privitera et al.,
2010).

3.4 Voluntary pupil size control

3.4.1 Indirect voluntary pupil size modulation

Pupil size is generally considered to constitute an implicit measure of central activation
that cannot be changed at direct will. However, there is a number of indirect techniques
that will be briefly summarized in the following paragraph. Such techniques exploit the
link between illuminance and pupil size, the effects of the near response, or self-induced
changes in arousal. For illuminance, covertly shifting attention towards differentially bright
objects, imagining differentially bright images, or conditioning words with brightnesses
have been shown effective (as given in 3.3.1). Imagination may also alter pupil dilation via
a link to the near response: When imagining a closer and a more distant object, pupils
constrict for the closer imaginary object (Domrich, 1849; Sulutvedt, Mannix, & Laeng,
2018). Exerting at arousal, more bodily and more cognitive techniques can be used. Overt
techniques comprise, but are not limited to, holding one’s breath, increasing muscle tone,
or biting one’s tongue (Bumke, 1911). Merely cognitive strategies that have been shown
effective comprise the imagination of sexually arousing situations (Whipple, Ogden, &
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Komisaruk, 1992), the imagination of positive and negative emotions (Ekman, Poikola,
Mäkäräinen, Takala, & Hämäläinen, 2008; Petrovic & Tschemolossow, 1931), as well as
mental arithmetic (Stoll et al., 2013). However, all these strategies remain indirect, raising
the question of trainability: If an explicit process could be trained, could it eventually, via
automatization, end up being implicit?

Addressing this question, we developed and tested a biofeedback-scheme in form of an
enlarged circle on a monitor, visualizing one’s pupil size in real-time, cleared from high fre-
quency oscillations and with blinks being interpolated. Using freely selectable strategies
for enlarging pupil size, participants were able to dilate their pupils about 0.3 mm beyond a
fixation baseline on average. However, such changes might also have been caused by the
feedback signal alone that was only present during the phase where participants had to
enlarge their pupils in a first study. Participants could not constrict their pupils within 30 s
(Ehlers, Bubalo, Loose, & Huckauf, 2015). In a second experiment, using the more spe-
cific instruction to remember fearful situations, participants were able to enlarge their pupil
size more substantially (0.7 mm on average) beyond baseline, with the biofeedback signal
being unchanged to the foregoing experiment. Increases in pupil size were accompanied
by increases in skin conductance, a further indication for letting assume that observed
changes in pupil size were indeed due to a change in activation (Ehlers et al., 2016). Fol-
lowing up on the same participants, we then evaluated whether pupils could be enlarged
further using biofeedback training on seven successive days. Comparing a non-feedback
pretest with a non-feedback post test showed pupils dilating about 0.25 mm more on av-
erage during the post- than during the pretest. Furthermore, the maximum dilation was
descriptively reached earlier after the training (Ehlers, Strauch, & Huckauf, 2018b). Indi-
rectly induced changes, such as the previously described, are usually comparably slow to
emerge (i.e. taking several seconds). More importantly, however, they are exhausting to
produce and characterized by high variability within and between participants.

3.4.2 Direct voluntary pupil size modulation

Although previously described techniques are sometimes labelled as voluntary (Ekman et
al., 2008; Ponzio, Villalobos, Mesin, de’Sperati, & Roatta, 2019), they encompass strate-
gies that (only) indirectly affect pupil size. As a consequence, such strategies may gen-
erally be considered to be rather cumbersome and exhaustive. Sphincter and Dilator are
smooth musculature, usually defying voluntary control, does this mean that direct volun-
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tary control is prohibited per se? Even though striated musculature may be steered vol-
untarily, it may also be activated by reflex. Similarly, some voluntary control over smooth
musculature has also been demonstrated for a long time (Hunter & Hudgins, 1934). For
example, the bladder, a primarily smooth organ may be steered directly to some extent
(Zimmerman, 1938).

The investigation of visual acuity in children of the south-eastern asian Moken people
demonstrates substantial constrictions of about 0.4 mm when diving with eyes open and
without diving goggles, whereas the pupils of European children do not constrict, but di-
late. In combination with maximal accommodation, constricting the pupil allows the Moken
children an acuity under water that is about twice as good as the acuity of their European
comparison group (Gislén et al., 2003). Interestingly, this capability was demonstrated to
be learnable also for European children after extensive training that consisted of diving
with eyes open and without diving goggles repeatedly over several months with effects
lasting for at least half a year (Gislén, Warrant, Dacke, & Kröger, 2006). The possibility
to constrict pupil size under water for improving vision, also described for semi-aquatic
mammals and birds (Douglas, 2018), might thus be a skill that is learnable by humans
(Gislén et al., 2006).

However, also these reports do not fully answer the question as to whether pupil size may
be controlled directly, that is, if the participants in Gislén et al. (2003) and Gislén et al.
(2006) could constrict their pupils at land, on command. Furthermore, only constrictions,
but not dilations were demonstrated in these publications. Observed constrictions were
in the range of about 0.4 mm. Interestingly, one of psychophysiology’s pioneers, reports
about a patient being able to dilate her pupil dilation freely, without changing accommo-
dation, imagining differential brightnesses, or changing arousal (Bechterew, 1895). In
a submitted case study, we report about a participant who is able to change his pupil
size at direct will, in both directions, showing striking parallels to the case described by
Bechterew (1895) 125 years earlier. This participant is able to constrict his pupils by more
than 2.4 mm on average and produce dilations of more than 0.8 mm on average upon
request (see https://bit.ly/2z2GX3h for a video). Such changes could be produced with
either eye and the participant reported these movements as direct ’as moving a finger’.
Observed dynamics strongly resemble dynamics assessed during the light reflex, albeit
with a temporal lag, probably due to having to understand the instruction before changing
pupil size. Optometric assessments show that the voluntary constriction is accompanied
with a change in accommodation of about 7 dioptres, but accommodation remains stable
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while dilating. While there seems to be an involvement of accommodation at least for
constricting, the mere effect size observed in pupil dilation and the ability to produce di-
lations let assume that it cannot be a voluntary shift in accommodation alone (see 3.2.1).
In an additional fMRI investigation, no structural alterations in his brain were found, let-
ting assume that anyone can - maybe at a certain age - learn to change pupil dilation at
direct will. Significantly more activation was found in motor cortex when changing pupil
size actively compared to pupil size being changed due to changing illuminance. Interest-
ingly, Bechterew (1895) already assumed a role of the motor cortex. Furthermore, higher
activation in the dorsolateral prefrontal cortex suggests that enlarging pupil size is more
effortful than constricting pupil dilation, matching subjective reports from the participant
(Eberhardt, Ulrich, Huckauf, Grön, & Strauch, submitted). This investigation generates hy-
potheses how this phenomenon may be explained rather than answering these questions
exhaustively. Still, I consider it a starting point for most thrilling upcoming investigations.

3.5 Function

A very interesting question concerns the function of arousal-linked pupil size changes.
Why is pupil dilating during such diverse processes as calculating, mating, emotional ac-
tivation, surprise, finding a target in visual search, and many more? In other words, is
there an evolutionary benefit to arousal-linked changes in pupil size? The aforementioned
question is subject of an intriguing, intensive, and ongoing debate. In the following, I will
shortly review the respective most prominent accounts, taking into account psychological
but also biological perspectives and research.

Mathôt and Ivanov (2019) assume arousal-linked pupil size variations to serve for better
vision. They report that constricted pupils are associated with improved discrimination
performance for visual stimuli that are very small, just at the threshold of visual acuity in
the central visual field. In contrast, dilated pupils were associated with slightly improved
detection performance of stimuli in the periphery. While effects were small, Mathôt and
Ivanov (2019) argue that these may still serve for an evolutionary edge, especially when
detecting a stimulus is urgent. Ebitz and Moore (2019) also suggest an optical function:
Dilated pupils result in maximal defocus blur, which could be beneficial when it is most
important to capture the larger form of an object. Being able to decide on what class an
object falls in might in turn be one of the most useful advantages from an evolutionary per-
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spective. Instead, constricted pupils are assumed to allow for more high spatial frequency
information, needed for individuating potential targets for spatial selection.

Another plausible explanation is a social function of pupil size changes, as the eyes are
a most important channel for communication. For example, we demonstrated how a rec-
ommendation to wash one’s hands after visiting the toilet was associated with 83.3 % of
students washing their hands with soap compared with 71.9 % of students when it was ac-
companied by a depiction of two watching eyes instead of three stars as a control (Pfatthe-
icher, Strauch, Diefenbacher, & Schnuerch, 2018). Given this important role of the eyes,
it is hardly surprising that also arousal-linked changes in pupil dilation have been sug-
gested to serve a communicative and social purpose: Kret, Fischer, and De Dreu (2015)
report that participants generally trusted (virtual) partners with dilating pupils more than
(virtual) partners with constricting pupils during an economic game. Furthermore, pupils
of participants tended to mimick their virtual opponents’ pupils in size, an effect referred
to as pupil-mimicry. Trust was only built with pupil mimicry with in-group opponents, not
with out-group opponents, letting the authors suggest that arousal-linked pupil size varia-
tions have evolved in and because of group live (Kret & De Dreu, 2017; Kret et al., 2015;
Prochazkova et al., 2018). Pupil mimicry has been linked to the activation of brain regions
associated with social cognition (Harrison, Singer, Rotshtein, Dolan, & Critchley, 2006;
Prochazkova et al., 2018). However, Mathôt and Naber (2018) point out that the effect of
pupil mimicry might simply emerge due to changes in stimulus brightness (i.e., the eyes
of an opponent turning darker when pupils dilate), since observers tend to look others in
the eyes and even covert shift of attentions to regions of differential brightness affect pupil
size. Furthermore, activity observed in aforementioned brain regions could be explained
by processing faces alone, leaving them to suggest that pupil mimicry, in itself, could be
nothing more than the result of the light reflex (Mathôt & Naber, 2018).

Debating about evolutionary edges, one should not neglect one principle method used
in evolutionary biology: That is, comparing the phenomenon of arousal-linked pupil size
changes observed in humans with observed effects in other species. For example, arousal-
linked pupil size changes are far from being exclusively human with even cephalopods,
having eyes that are only related at a great distance, showing larger pupils when being with
many other conspecifics in a tank (Douglas, Williamson, & Wagner, 2005). Such changes
are also evident when fighting, when mating, or when viewing food in cephalopods. On a
more general level, arousal-linked pupil size changes are observed in species as different
as cats, parrots, snakes, or geckos (Douglas, 2018).
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3 Pupillometry

In biology, arousal linked pupil size changes have been suggested to be part of mat-
ing displays or deimatic display (Douglas, 2018). Concerning mating displays, women
using belladonna, a poison that blocks receptors in the Sphincter Pupillae and thus pre-
vents constriction, to dilate one’s pupil size as a means to seem more attractive to others
demonstrates how explicitly known this factor was over centuries. Indeed, heterosexual
men rated photographs of women as more attractive when pupils were larger (Tombs &
Silverman, 2004). Conversely, dilating pupils signal increased sexual arousal (see 3.3.3).
Concerning deimatic display, larger pupil sizes could be a signal of an in total larger and
thus scarier enemy. Just think of the wings of many butterflies or moths specifically mimick-
ing large eye spots with large pupils (such as the European peacock or spirama helicina).
What is their most significant competitive edge? In an experiment, peacock butterflies,
mimicking large eye-spots on their wings, survived in all cases when detected by the
eurasian blue tit, a small bird, whereas only 22% of commas and 8% of small tortoise-
shells survived the encounter (Vallin, Jakobsson, Lind, & Wiklund, 2006). Possibly, larger
pupils thus signal overall larger (and more dangerous) opponents (Douglas, 2018).

For pupil size changes possibly occurring under changes in arousal, it could be argued
that emerging effects are an epiphenomenon coming into place due to another unrelated
factor. For example, it could be more economic to co-use existing pathways that finally
let pupils dilate for an unrelated purpose proving to be beneficial during arousal than
establishing an own path. Summarizing, the question of the function of arousal driven pupil
size changes is not yet fully clarified. If effects for selection were somewhat comparable to
effects during decision-making or target discrimination in visual search in size, however,
pupil size changes are likely small, perhaps too small, to play any meaningful role.

3.6 Applications

The assessment of pupil sizes is relatively cheap and it is possible to do so remotely. To-
gether with the short latencies of pupil size changes in comparison with other psychophys-
iological variables, this shapes pupil size an interesting channel for a range of applications.
In the following, popular areas of applications of pupillometry will be shortly introduced.
Subsequently, I will present works on adaptive user interfaces based on pupillometry and
where pupil dilation has been proposed for inferring selection in human-computer interac-
tion.
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Changes in pupil dynamics may be indicative of neurological damages, there is thus
a broad body of literature on pupil dilation for medical diagnostics (e.g. Bumke, 1911;
Loewenfeld, 1993; Wilhelm, 2011).

In psychological research, pupil size has been repeatedly linked to intelligence. Ahern and
Beatty (1979) describe the smaller pupil dilations during mental arithmetic for participants,
the better their scholastic aptitude test scores were. But even at baseline level, some
intelligence diagnostics may be performed: Pupils were found to correlate positively with
fluid intelligence (Tsukahara, Harrison, & Engle, 2016).

Another prominent idea is the potential of pupil dilation for lie detection. Indeed pupil
dilation covaries with the degree of deception of the observed person, suggesting that
lying is more difficult than telling the truth, which is in turn reflected in pupil size (Wang,
Spezio, & Camerer, 2010). However, besides the non-deterministic performance of lie
detection algorithms, including those taking pupil dilation into account, any individual may
shield her-/himself against such intrusions by changing pupil size as described in 3.4.

Psychophysiological variables are frequently used in user evaluation studies. For exam-
ple, we used skin conductance to reveal information about where trust and acceptance are
built/diminished when being a passenger in an autonomously driving car compared with a
regular car (Mühl et al., 2019). Even better insights in such questions can be obtained by
analyzing gaze behavior (Strauch et al., 2019). Pupil dilation in turn has been shown to
constitute a well suited measure of cognitive load during driving, especially in simulators
(e.g. Palinko, Kun, Shyrokov, & Heeman, 2010). Of course, the assessment of pupil sizes
for determining mental effort is not limited to driving: For example, Fritz, Begel, Müller,
Yigit-Elliott, and Züger (2014) propose to utilize pupil dilation during programming as a
means to identify programmer-overload and possibly resulting bugs at an early stage. In
another investigation, pupil dilation was found to be indicative of errors during the opera-
tion of a digital nuclear power plant (Gao, Wang, Song, Li, & Dong, 2013). When building
Lego models from a digital, gaze-based instruction presented on a tablet, pupil dilation in-
dicated difficult steps (with children regressing to the previous step) (Hansen, Mardanbegi,
Biermann, & Bækgaard, 2018). Pupil dilation may thus help to distinguish the quality of
user instructions and to identify users in trouble (Bækgaard, Jalaliniya, & Hansen, 2019).

As presented in 3.4.1, pupil dilation may also be used for letting participants understand
how their activation changes over time by providing biofeedback. Meanwhile, such pupil
based biofeedback schemes have not only been proposed for the visual (Ehlers & Mei-
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necke, 2020; Ehlers et al., 2016), but also for the auditory domain (de Rooij, Schraffen-
berger, & Bontje, 2018).

3.6.1 User-adaptive systems

Information conveyed in pupil sizes on current user state might be used for adapting sys-
tems in real time to make them easier and more enjoyable to use. Building on the principal
idea of adapting systems to user workload, we suggest to assess pupil dilation while play-
ing video games (Strauch, Barthelmäs, Altgassen, & Huckauf, 2020). In two experiments,
participants played the video game classic ’Pong’, where a player controls one out of two
rackets trying to hit a ball in direction of the other computer operated racket that acts as
opponent. In each experiment, we presented participants with four different levels of dif-
ficulty: In Experiment 1 we manipulated ball speed, with faster ball movement leading to
higher rated cognitive load. In Experiment 2, racket size was manipulated, with smaller
racket sizes rated as more difficult than larger racket sizes. Hitherto research suggested
pupil dilation to scale linearly with game difficulty or to converge to a maximum (Köles,
Szegletes, & Forstner, 2015). Instead, we assumed an inverted u-shaped relation be-
tween gaming difficulty and pupil dilation (see 3.3.2), as overloaded players should tend
to give up, resulting in a smaller pupil size than for a fit between players’ abilities and game
difficulty.

In both experiments, model fits improved substantially for predicting pupil dilation when
an inverted u-shape predictor of difficulty was added to a linear predictor of difficulty. The
curved relation between difficulty and pupil dilation shows that pupil dilation may be used
to identify both under- and overload. Hence, in principle, pupil dilation allows for adap-
tively changing game difficulty to optimize user experience under controlled circumstances
(Strauch, Barthelmäs, et al., 2020).

3.6.2 Allowing selection in human-computer interaction

Some works have explored the potential of pupil size changes for inferring the selection
of objects in human-computer interaction. Mathôt et al. (2016) exploit the phenomenon
that pupil dilation may indicate the locus of covert attention, as long as brightness differs
for different locations (see 3.3.1). At constant gaze position, they presented differentially
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changing brightnesses together with letters in the periphery. When keeping gaze position
constant, but shifting attention covertly to these brightnesses, pupil dilation may reveal
the locus of attention. Coupling the changes in brightness presented on screen and the
changes observed in pupil dilation allowed for decoding the selection of letters with an
accuracy comparable to the best non-invasive brain computer interfaces making use of
covert attention.

Of course, the idea of using pupil dilation to detect selection may be extended also to
changes in pupil dilation during the near response: Ponzio et al., 2019 used physical
targets of differential depths. By shifting gaze between those depth layers, pupil size
changes due to its role in the near response (3.2.1) and allows for inferring the intent to
select. So far, no interfaces have been put forward that merely rely on the imagination of
differentially distant objects.

Stoll et al. (2013) suggest a technique for communication that makes use of the link be-
tween pupil dilation and arousal (see 3.3). In their concept, participants either calculated
and hereby enlarged pupil size during an interval for ’yes’ or during an interval for ’no’.
Pupil size was indicative of the correct response, with generally larger dilations for in-
tended answers and smaller pupils for non-intended options, possibly even opening a
channel of communication for locked-in syndrome patients who cannot move their eyes
(Stoll et al., 2013). Building on our earlier works on biofeedback as a tool to train to indi-
rectly enlarge one’s pupil via cognitive strategies (Ehlers et al., 2016; Ehlers et al., 2018b),
we combined gaze position as a means to highlight different objects with a self-induced
pupil dilation for confirming in combination with a biofeedback signal that was presented
on the objects (Ehlers, Strauch, & Huckauf, 2018a).

The aforementioned strategies make use of explicit changes as means to affect pupil di-
ameter for inferring selection. However, also if pupil dilation was not altered indirectly or
directly (see 3.4), it is conceivable that pupil dilation would implicitly provide information
about the intention of a user to select. Results reported for decision-making (see 3.3.5)
and visual search (see 3.3.6), but also emotional processing let assume that pupils would
dilate more for to be selected target stimuli than for distractor stimuli: In signal detection
tasks, target detection was associated with stronger pupil dilations than trials without tar-
get (de Gee et al., 2014; Hakerem & Sutton, 1966) and in visual search, fixating on a
target was associated with larger pupil dilations than fixating elsewhere (Klingner, 2010).
Furthermore, selected numbers from a sequential stream of numbers were associated
with a slight pupil dilation (Einhäuser et al., 2010), and to be selected stimuli could be
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assumed to elicit a stronger emotional response than irrelevant stimuli, which could go in
hand with a stronger pupil response (Partala & Surakka, 2003). Bednarik, Vrzakova, and
Hradis (2012) investigated the potential of gaze characteristics, including pupil size, for
inferring selection using a 8-tile slide puzzle with an offline machine learning approach,
reaching a classification of around 60% for predicting what tile should be selected using
pupil dilation alone. When this information was combined with other ocular variables, such
as fixation durations, prediction rose to about 80%. Hence, information conveyed in pupil
dilation about selection may likely be characterized by a low signal to noise ratio. For ap-
plications, this implies that implicit information on selection based on pupil dilation needs
likely be combined with other information channels.

In two studies, we investigated whether the fixation of to be selected objects is indeed
associated with changes in pupil size, assuming that pupils would dilate. In Strauch,
Ehlers, and Huckauf (2017), we used a set of circularly arranged stimuli, including one
target. Participants needed to fixate an object longer than a dwell time to select, and,
in one condition, selection could be speeded up if the pupil dilated within this interval.
Indeed, pupils dilated when fixating a later selected object (Strauch, Ehlers, & Huckauf,
2017). In a subsequent investigation we could replicate this finding using an on-screen
keyboard, despite possible confounds due to changes in gaze position and without strictly
controlling for illuminance (Strauch, Greiter, & Huckauf, 2017) (see 5.2). These changes
approximately reflect signal dynamics observed in basic experimental investigations (e.g.
de Gee et al., 2014; Einhäuser et al., 2010; Klingner, 2010). However, we could not
provide pupillary signals for the counterfactual, i.e., how pupils would have behaved when
fixating a distractor letter on the on-screen keyboard.
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4 Aims and outline of the present work

Previous applied research suggests that pupil dilation might indicate the selection of stim-
uli (Bednarik et al., 2012; Strauch, Ehlers, & Huckauf, 2017; Strauch, Greiter, & Huckauf,
2017; Vrzakova, 2019). However, systematic experimental investigations into the founda-
tions of the phenomenon, as well as into the extend of its potential effect on pupil size are
still scarce.

This work systematically examines whether the selection of objects is indeed reflected in
the pupil. In this context, it is investigated whether this effect is robust to exogenous factors
affecting pupil dilation. That is, whether, for example, concurrent changes in brightness
conceal effects of selecting. Besides exogenous factors, endogenous factors might sim-
ilarly affect pupil size and potentially conceal, moderate, or even mediate effects and are
therefore investigated. The combination and comparison of the aforementioned factors
in their effects on pupil dilation over time shall further provide a deeper understanding of
selection. Moreover, it may be asked what leads to the differences in effect sizes reported
for effects that can be interpreted in terms of selection, or, more fundamentally, what spe-
cific factor drives pupil dilation when selecting. On a more general level, understanding
this effect might reveal information on how humans process incoming information.

Before the four studies are presented, key methodological challenges in the experimental
design and for the analysis of pupillometric data are introduced together with the basic
experimental paradigm. The foregoing aims and questions will be addressed by the here
presented studies’ results, but also by previously unpublished data and analyses reported
in this thesis for the first time that will be fed into the discussion.
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5 Methodological considerations

Before designing experiments and analyzing pupil dilation, some considerations must be
made. In this section, the challenge of identifying truly distinct factors affecting pupil size,
the prevention of measurement and analysis induced artifacts, setting adequate baselines,
handling blinks and signal artifacts, the duration of trials, units for pupil size, and choosing
whether to analyse discretized intervals or (quasi-) continuous signals will be introduced
and discussed with a view to the following experiments. Subsequently, a short introduction
to the analyses presented in this thesis is given. Finally, the central experimental paradigm
is introduced.

5.1 Identification of distinct factors affecting pupil size

The clear identification of distinct psychological mechanisms directly driving pupil dila-
tion is one of the most important issues for further advancing pupillometry (Einhäuser,
2017). That is, the question as to whether effects result from independent distinct psycho-
physiological mechanisms or in fact all result from one principal factor. Some authors even
express the opinion that the psychosensory pupil response may be distinguished from the
pupil light response and effects of the near fixation, however, the psychosensory pupil re-
sponse may not be distinguished further into other components than processing load and
the orienting response (Mathôt, 2018). For example, observed stronger pupil dilations
when reading emotional than when reading neutral words may be explained by changes
in processing load alone (Bayer, Sommer, & Schacht, 2011).

However, even if pupil dilation was only affected by changes in processing load, such
changes over time could still provide most interesting insights into fine grained (temporal)
mechanisms of cognition (Einhäuser, 2017), e.g., by revealing predominantly sequen-
tial versus parallel effects of information processing (Strauch, Koniakowsky, & Huckauf,
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2020). If not possible via clear experimental techniques, this might be achieved by ap-
plying functional statistics (see 5.3 for further details) especially in experimental designs
where multiple factors affect pupil dilation. I used control conditions for dissociating the
effects of different factors and functional models when the structure was multifactorial.
Another possibility in the same direction may be seen in applying principal component
analysis to pupillary data over time (Wetzel, Einhäuser, & Widmann, 2020).

5.2 Preventing distortions when assessing pupil dilation

Given the huge variety of factors affecting pupil size, any methodologically sound investi-
gation must seek to minimize and control factors other than those of interest on pupil size.
For the experiments presented here, this especially implies to keep illuminance constant
between experimental conditions, unless changes elicited by illuminance are the focus of
the investigation.

Many experimental paradigms, including the one presented here, require participants to
respond in some kind. As motor preparation and execution (e.g., for pressing a key) affect
pupil size (Richer & Beatty, 1985), it needs to be ensured that effects of motor execution
on the pupillary signal are not falsely attributed to a cognitive effect in the center of the
investigation. In the here employed paradigm, the necessity of pressing keys is thus kept
constant between conditions. Further ensuring that effects occur independent of pressing
a key, pressing a key was required or not on a random basis from trial to trial. In an
additional investigation, necessary key presses were delayed after trials to further control
for such possible effects (7.2).

As mentioned in 3.2.3, auditory stimulation may cause pupils to dilate. In the present
experiments, a sine wave tone was used as a prompt for motor responses. Assessing the
effect of the sound prompt, in Study II and its replication study (7.1), we varied between
participants whether a sound prompted a key press or prompted to inhibit a key press as
a control.

As for other physiological investigations, latencies require consideration for the experi-
mental procedure: (1) Enough time is needed for cognitive processes in the center of the
investigation to unfold and (2) sufficient further time is required to observe the effects in
the pupillary signal. Prolonging trials may further reveal how long potentially increased
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activation is maintained. In the here presented experiments, trials always lasted 3 s, ex-
cept for the experiment presented in 7.2, where trials lasted 2 s with an additional 2 s for
responding.

Further attention must be paid to eye-movements, as the preparation and execution of
saccades is linked to changes in pupil dilation (Jainta, Vernet, Yang, & Kapoula, 2011).
Allowing participants to shift their gaze freely produces further technically-caused distor-
tions in the estimation of pupil size (as long as video based eye-trackers are used): Only
if the participant looks directly at the eye-tracking camera, the pupil is fully mapped on
the two-dimensional camera. Whenever gaze position shifts, the perspective of the cam-
era relative to the pupil changes, which foreshortens results. While there are algorithms
that allow for correcting such effects (e.g. Hayes & Petrov, 2016), experimenters may best
seek to keep gaze position similar between experimental conditions, if possible. In the
here presented experiments, participants must thus keep their gaze position inside a box
in the screen center, otherwise trials needed to be restarted.

5.3 Preventing distortions when processing and

analyzing pupil dilation

Video based eye-trackers do not provide a continuous estimate of pupil dilation, as the
closure of the eyelid during blinks causes the camera to loose pupil size. Intervals during
which the pupil is either fully or partially occluded (i.e., mostly during blinks) may either be
treated as missing data or the signal can be interpolated, allowing a quasi continuous sig-
nal. Although the meaningfulness of interpolated pupil sizes for these intervals is limited,
this technique reduces the effect of differential blinking frequencies across conditions and
participants. Assuming that detection and interpolation work properly, such signals further
allow for analyses taking into account the (average) signal over time. Therefore, blinks
were detected and interpolated using an adaptation of a blink filter described by Ehlers,
Georgi, and Huckauf (2014) that detects blinks based on the physiological boundaries of
changes in pupil size using a frame to frame plausibility check of incoming measurements
(derived from Bremner (2012)). This algorithm was used for all works using pupil size
(co-)authored by myself so far.
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Although pupillometric research has been carried out for decades now, differential forms of
baseline correction persist. Hereby, pupil sizes are usually assessed before each trial dur-
ing an interval that is highly comparable between conditions and trials (local baseline). To
participants, most basic experiments will lead to increasing boredom over time (Strauch,
Georgi, Huckauf, & Ehlers, 2015). As also multiple baselines may not fully account for
signal trends, again, it is important to keep conditions comparable with one another. Only
then can changes to local baselines be compared within experiments, best if conditions
were presented in a balanced order. Most commonly used are two methods for baselining:
divisive correction and subtractive correction. Essentially, divisive correction implies cal-
culating and reporting how much pupils changed from a baseline in percent: One derives
with a divisive correction by calculating the difference between pupil size during a trial and
the average pupil size during baseline and dividing that difference by the average pupil
size during baseline. For subtractive correction, a change is calculated by subtracting the
average pupil size during the baseline from all data points of the following trial (Reilly,
Kelly, Kim, Jett, & Zuckerman, 2019). In my opinion, giving an effect in the percentage of
change in pupil size was only sensible if task-evoked pupillary responses were depending
on the baseline pupil size and would scale non-linearly. However, absolute task-evoked
pupillary responses during cognitive load are not smaller or larger when performed under
relatively high or low illuminance, at least under common laboratory conditions (e.g. Brad-
shaw, 1969; Pfleging, Fekety, Schmidt, & Kun, 2016). Therefore, the usage of changes in
percent would make effects seemingly larger or smaller, depending on respective illumi-
nance at baseline alone. As a consequence, effects are hard to compare between inves-
tigations. Using z-standardized values may be seen as another popular form of a divisive
correction (e.g. Naber, Frässle, Rutishauser, & Einhäuser, 2013; Strauch, Barthelmäs,
et al., 2020) that additionally allows for an immediate understanding of effects relative to
spontaneous and other fluctuations in the signal. Here, effects can directly be interpreted
relative to other conditions and fluctuations, but again the comparison of effects with other
investigations is somewhat limited. Systematic investigations into the question of proper
baselines argue for rather using subtractive instead of divisive baselines (Mathôt, Fabius,
Van Heusden, & Van der Stigchel, 2018; Reilly et al., 2019). However, carry-over effects
for instance affect subtractive baseline corrections more severely. In general however, ef-
fects of baseline correction or the unit for pupil size as dependent variable are found to be
limited on results (Attard-Johnson, Ciardha, & Bindemann, 2019). Of course, baselines
must not be assessed before trials but also average pupil sizes throughout a trial or the
experiment as a whole may be used as a reference. Summing up, there is no one-fits-
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all correction method so far, instead it is important to explain the reasons for the chosen
form. For the here presented data, pupil size is given in millimetres. Pupil size was always
corrected by subtracting the average pupil size during a directly foregoing baseline from
every data point of the following trial. This measure complies with the additive nature of
pupil size and makes sense for the here employed experimental design: Clear local base-
lines could be taken and other strong factors on pupil dilation were varied simultaneously.
To me, changes in millimeter are the most intuitive of the aforementioned units. However,
this measure does not provide information about the ratio of average values to variation
in the signal (as do z-standardized values); signal variation is thus taken into account by
additional confidence intervals and statistics. For the investigations presented as the core
of this thesis, effects of selection can be expected to affect pupil dilation only by a small
magnitude. In combination with the short pauses between trials, this should have allowed
pupil size to return to a baseline level in between trials, preventing carry-over effects.

As for setting baselines and units for calculating and reporting effects, there is no gold
standard for analyzing pupil dynamics. Instead of picking a specific interval during or after
trials, I opted for analyzing pupil sizes functionally during trial presentation, as suggested
by Jackson and Sirois (2009) and Einhäuser et al. (2008), following a broader approach
described in Ramsay and Silverman (2007). This technique should prevent cherry picking
of intervals for p-hacking and may provide more information than discretized approaches
(Jackson & Sirois, 2009). In addition to applying functional statistics with one factor, and
thus differing from Jackson and Sirois (2009) and Einhäuser et al. (2008), we additionally
fitted multifactorial analyses for each data point over time for some analyses. I argue
that this technique may reveal particularly interesting information about the time course
of pupil linked arousal, i.e., when do different independent variables affect pupil size? Do
all factors affect pupil size at the same point in time and how strong are their specific
effects over time? Such analyses may hence contribute to the ongoing debate on whether
different factors affect pupil dilation and on how to leverage more information from obtained
signals.

5.4 Apparatus and experimental paradigm

The experimental investigations detailed in this thesis were assessed using the same ap-
paratus and basic experimental paradigm, unless stated differently. Pupil dilation was
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obtained using a SMI Hi-Speed 1250 Eye-tracker (SensoMotoricInstruments GmbH), in-
cluding a chin rest. Experiments were presented on a 27" screen, which was located at
60 cm from eye-position. Illuminance at eye-position was kept constant at 60 lx. Before
the experiment started, a nine point calibration and four point validation was performed to
arrive with an estimation of gaze position.
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Figure 5.1: Schematic depiction of the task. A: Sequence of a trial (in this case with a target
letter). Participants started trials by first gazing on the outer activation box that could
be presented either to the left or the right of the central box and then gazing into
the center. A highlight indicated whether the gaze position was registered inside the
respective box. The leftmost gray letter in the above presented word indicated which
letter was correct (in this case: R). Participants needed to keep their gaze position 3 s
inside the central box in the center until a highlight (thick edges in blue for targets, red
for distractors) signaled 1 s to participants that the trial was absolved correctly. For
half of trials, a sine wave tone played at trial onset prompted participants to indicate
via key press whether the presented letter was a target (right arrow key) or not (left
arrow key). B: Flowchart of possible configurations for handling trials correctly.

In the following, the basic experimental paradigm is described (see Figure 5.1 for a visu-
alization). A gray screen with a light gray quadratic box with black edges of 4.5 degree
visual angle length in the center of the monitor was presented to participants. Another box
of similar properties was presented at random either to the right or the left of this central
box at an eccentricity of further 4.5 degree visual angle. In the upper horizontal screen
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center, a neutral word (four letters long) was presented in black and gray letters. Hereby,
black letters indicated already selected letters, whereas gray letters represented letters
that would need to be selected in upcoming trials. The leftmost gray letter in the word
represented the next to be selected target letter. Participants could start trials by gazing
at the peripheral box first and then saccading to the central box. As soon as a box was
looked at, the box color changed to the gray of the background as a visual feedback (with
edge lines remaining black). Once gaze position was registered inside the central box
after having looked at the outer box, the local baseline for subsequent analyses was taken
(40 ms) and the trial started. Simultaneously, a letter was presented in the center of this
box that either matched (=target) or mismatched (=distractor) the leftmost gray letter in the
above presented word. Participants were instructed to keep their gaze position within the
box, irrespective of the letter being a target or a distractor, until a visual feedback showed
them that they had completed the trial successfully after 3 s (completion feedback: red
edge lines for distractors, blue edge lines for targets, presented for 1 s). For target let-
ters, the respective letter in the above presented word turned black upon completion of a
trial, hence, the next leftmost gray letter was to be selected in the upcoming trials. Thus,
participants were ’typing’ letters from left to right in correctly absolved trials with target
letters. Once a word was typed, a new four letter word was presented until all words had
been absolved. For distractor letters, the above presented word remained unchanged
after successful trial completion.

At a chance of 50%, a sine wave tone of 440 Hz was presented for 200 ms at trial onset.
This probability was independent of the probability of a presented letter being a target or
distractor. The sine wave tone prompted participants to indicate whether the presented
letter was a target (right arrow key) or a distractor (left arrow key). These trials are in the
following referred to as Go trials, whereas trials without key press are referred to as NoGo
trials. Note that common GoNoGo paradigms usually require to press the same key upon
prompt; in the here presented experiments instead, the correct key needed to be pressed.

Whenever participants left the central box before the trial ended, the trial was aborted
and participants needed to start a new trial to proceed with the experiment. A flowchart
of possible errors is given in Figure 5.2. If participants missed pressing a key or pressed
an incorrect key in a Go trial or pressed a key in a NoGo trial, the two rightmost already
selected letters from the above presented word turned from black to gray and needed to
be re-selected in the following trials. However, participants could not fall back further than
the currently presented word to avoid overly frustrating participants. Before starting the
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Figure 5.2: Flowchart of possible errors: Two already selected letters needed to be re-selected
when participants missed pressing a key in Go trials, pressed an incorrect key in Go
trials, or pressed a key in NoGo trials.

experiment, participants could practice to highlight the respective boxes by gaze without
target word or letters being presented.
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6 Summary of the present studies

6.1 Study I) Towards a selection mechanism integrating

focal fixations, pupil size, and microsaccade

dynamics

In previous works, we investigated self-induced indirect strategies to manipulate pupil di-
lation (e.g. Ehlers et al., 2016; Ehlers et al., 2018b). Subsequently, we investigated ways
of how to use these self-induced changes in pupil size for deriving the intention to select
in human-computer interfaces solely relying on gaze input (Ehlers et al., 2018a). While
self-induced fear was quite strong in its effect on pupil size (i.e., about 0.35 mm beyond
baseline), producing such changes was generally cumbersome, exhaustive, it took sev-
eral seconds until effects unfolded, and effects were characterized by variability between
participants in their efficacy (Ehlers et al., 2018a). Besides those explicitly elicited indirect
changes of pupil dilation, also smaller, implicit changes in pupil size observable around
selection may serve for enhancing gaze-based interfaces: In a signal detection task, par-
ticipants pupils dilated more when they thought that a signal was present than when they
thought it was absent, irrespective of the actual presence of the target (de Gee et al.,
2014). Also during visual search, stronger pupil dilations are reported when fixating a
target than when fixating far off a target (e.g. Klingner, 2010; Privitera et al., 2010), which
might be explained by effects of decision-making, but also by the oddball effect, i.e., pupils
dilating stronger for rare than for frequent stimuli (e.g. Kamp & Donchin, 2015). Based on
these findings, we assumed pupil size to be larger when fixating to be selected than to be
rejected stimuli.

In line with the assumption, in Strauch, Ehlers, and Huckauf (2017) and Strauch, Greiter,
and Huckauf (2017), we demonstrated small pupil dilations of about 0.07 mm when fixat-
ing to be selected shapes (Strauch, Ehlers, & Huckauf, 2017) and letters (Strauch, Greiter,
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& Huckauf, 2017). Given the small absolute size of effects on pupil size, it is likely that
other factors on pupil size and noise would disguise such changes in an applied scenario.
Therefore, we propose to integrate information that might be drawn from pupil size with
other ocular variables that could (partially) convey the intention to select. First, we suggest
to consider whether a fixation can be classified as either ambient or focal: The ratio of fixa-
tion durations and saccade lenghts may reveal whether an observer orients him- or herself
or is evaluating certain aspects of a scene (Ingle, 1967). Hereby, longer fixation durations
are associated with deeper (focal) processing (e.g. Eivazi & Bednarik, 2011), the more so,
the shorter the following saccades (Unema, Pannasch, Joos, & Velichkovsky, 2005). Set-
ting fixation length and saccade length into relation may thus reveal in a first step whether
a person is processing ambiently or focally (Krejtz, Duchowski, Krejtz, Szarkowska, &
Kopacz, 2016). Only if the current fixation is recognized as focal, we propose to look
for critical alterations in eye-based psychophysiology: This could be pupil size, where
larger dilations could argue for selection and smaller dilations or constrictions could argue
for rejection. Another intent signaling parameter could be constituted by fixational eye-
movements, here, especially microsaccades would be of interest given their correlation
with changes in arousal, e.g., when fixating a target in visual search, microsaccade rate
is increasing (Privitera et al., 2014). Of course, further eye-movements or non-ocular vari-
ables could contribute to this intention prediction/recognition mechanism as well. Finally,
we propose to weight predictors, depending on their contribution to intention prediction. In
a last step, these integrated results could be combined with other selection mechanisms,
e.g., dwell times could be adaptively adjusted using the information of the aforementioned
mechanism.
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6.2 Study II) Pupil dilation but not microsaccade rate

robustly reveals decision formation

In our previous investigations, including Study I (Strauch, Ehlers, & Huckauf, 2017; Strauch,
Greiter, & Huckauf, 2017; Strauch, Huckauf, Krejtz, & Duchowski, 2018), we proposed
pupil dilation as viable information channel for inferring the intention to select. Observed
dilations around fixation in Strauch, Ehlers, and Huckauf (2017) and Strauch, Greiter, and
Huckauf (2017) on to be selected objects provide first evidence for this assumption. How-
ever, as pupil dynamics were only assessed for targets, but not for distractors, it has to be
asked, whether observed changes in pupil size are the result of the selection process or
result from other factors conjointly or possibly even exclusively affecting pupil size. And
even if changes were due to selection, it is unclear, whether the pupil generally dilates
during selecting or whether it dilates further for targets compared to distractors, as hy-
pothesized. In Study II, we investigated whether perceptually comparable to be selected
target letters are indeed associated with differential pupil dynamics compared to distrac-
tor letters. Possible confounds or concealing factors may be divided into exogenous and
endogenous factors (see 3). In Study II, we conjointly varied principal exogenous factors
affecting pupil size (i.e., changes in illuminance, motor execution, and auditory stimula-
tion), assessing the robustness of potential effects of selection.

Operationalizing repeated selection with meaningful consequences, participants were se-
quentially presented with letters in the screen center, after gazing at a central box. Letters
either matched (=target) or mismatched (=distractor) a to be selected letter permanently
presented above as part of a four letter word, with the target letter being indicated by
color. For completing a trial, participants must keep their gaze position within the central
box for 3 s. Upon trial completion, edge lines were given in blue (targets) or red (distrac-
tors) as a feedback. For target trials, the respective letter in the word above turned black
upon successful trial completion. Once all four letters of the above presented word were
’typed’, the word changed. Participants were instructed that the experiment would end as
soon as all words had been completed, giving them an incentive to perform well in the
task. Hereby, targets were presumably more valuable to participants than distractors. In
50% of cases, participants had to indicate via key press whether the presented letter was
a target or a distractor, ensuring participants’ involvement. One half of participants was
prompted to press the respective key after a sound prompt that was played in the begin-
ning of 50% of trials, whereas the other half was prompted not to press a key after the
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same sound prompt, but to press a key in its absence. Errors (such as misses or incorrect
key presses) were punished by requiring participants to re-select two letters of the word
presented at the time, thus prolonging the experiments duration. In 50% of trials, illumi-
nance was abruptly lowered upon trial start simultaneously (see 5.4 for a more detailed
description of the paradigm).

A larger pupil dilation was found for target compared to distractor letters in all conditions.
A multilevel multifactorial analysis that was applied to the signal demonstrated how ef-
fects were associated with one another. While illuminance and pressing a key led to a
significant effect on pupil size, too, these effects mainly added to the effect of selecting
(target-distractor) with interactions only gaining significance over a limited period of time
(selection*brightness) or not gaining significance at all (selection*key press). Larger pupil
sizes for targets compared to distractors were found as soon as about 500 ms after letters
were first presented. Response-locking pupil dilation with key presses (50% of trials) re-
vealed that participants pupils were dissociating target and distractor letters significantly
even before the key press was registered. Thus, selection affected pupil size earlier than
pressing a key.

Summing up, pupils dilated more for to be selected target letters compared to distractors.
Effects remained largely unaffected by simultaneously manipulated exogenous factors on
pupil size. This implies that selection can indeed be inferred from pupil size, even faster
than by behavioral measures, as long as the manifestation of exogenous factors is known.
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6.3 Study III) Pupil responses signal less inhibition for

own relative to other names

When interacting with the environment and processing incoming stimuli, the relative value
of stimuli might not only be affected by our momentary goals (such as selecting a certain
stimulus), but also by their endogenous task-unrelated meaning to the observer. When
inferring and investigating selection, the question arises, as to whether such endogenous
factors may affect pupil dilation. For example, hearing and seeing one’s own name may
alert us more than hearing or reading another, perceptually comparable name. This is
most famously reflected in the studies on dichotic listening starting in the 1950s, with
participants being able to identify their own name from the unattended channel, even
though missing out other information (Moray, 1959), commonly referred to as cocktail
party phenomenon (Cherry, 1953). Similarly, hearing ones own name is more likely to
wake the listener up during sleep than other names (Höller et al., 2011; Oswald, Taylor,
& Treisman, 1960). Ones own name is also associated with a differential P300 ERP
component than other names (e.g. Tacikowski, Cygan, & Nowicka, 2014). Due to the tight
link between effects described for the P300 ERP and for pupil dilation (see Nieuwenhuis
et al., 2011), it may be assumed that effects of self-relevance might thus also affect pupil
dilation.

In two experiments, we investigated whether self-relevant stimuli, such as one’s own
name, affect pupil dilation. As in Study II, participants started a trial by gazing at a cen-
tral box. Thirtyone popular first names, including the participants own, were presented
sequentially in a central box with one name per trial, once a trial was started by gazing
into the central box from a box presented either to the left or the right of the center. As
in Study II, participants must keep their gaze inside the central box throughout the trial
for 3 s. A simple categorization task was conjointly presented in the upper screen center,
different for each block (e.g., is this a female/male name; six tasks and thus blocks in to-
tal). Ensuring that participants followed the instruction and read the names, a sinewave
tone at trial onset prompted participants in 50% of trials (Go condition) to indicate via key-
press whether the currently presented name was part of the above presented category. If
participants made an error, the name had to be recategorized at a random later point in
the block. After the experiment, participants were asked for all 30 other names whether
they knew somebody of that name and had to rate names regarding their relevance to
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themselves. Based on these ratings, names were split into lowly and highly relevant other
names. The own name was treated as most relevant name.

Experiment 1 demonstrated a consistent pupil dilation following the presentation of the
name after an initial drop in pupil size. Analyses revealed a significantly larger pupil for
more relevant than for less relevant names, with descriptive largest pupil sizes for the own
name. This effect was more accentuated in the NoGo than in the Go condition. However,
the own name was only presented once per block and thus only three times on average
in the Go and the NoGo condition. Improving power for the NoGo condition in Experi-
ment 2, Experiment 1 was replicated, but for the ratio between NoGo and Go trials, which
was shifted to 75:25. Experiment 2 again showed a consistent pupil dilation throughout
conditions that was significantly affected by a names relevance. While effects descrip-
tively vanished for the Go condition, effects in the NoGo condition were more clear, with
the own name eliciting the largest pupillary response followed by highly relevant names of
others.

To our knowledge, this is the first investigation into effects of self-relevance using pupil
dilation. Stronger effects in the NoGo condition of both experiments let assume that self-
relevant stimuli such as one’s own name may be inhibited less easily than stimuli that bear
only little or no relevance to the observer. These results suggest that also endogenous
factors that are irrelevant to the momentary task, such as the self-relevance of a stimulus,
affect pupil dilation.
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6.4 Study IV) Decision making and oddball effects on

pupil size: evidence for a sequential process

Study III demonstrates that the pupil size may be affected by endogenous factors, irrele-
vant to the current task. When interacting with the environment other (partially) endoge-
nous factors than the own name might affect pupil sizes more frequently: When selecting
from a set of stimuli, the proportion between target and distractor stimuli is varying consid-
erably between investigations. This discrepancy could explain the variation in effect sizes
described for selecting stimuli between experiments. Selection (Strauch, Greiter, & Huck-
auf, 2018) and differing stimulus probabilities (oddball effects, see 3.2.4) are described to
affect behavioural and physiological reactions; however, conjoint investigations into both
factors and their interaction are yet surprisingly rare, especially for pupil dilation.

Hence, in Study IV, we investigated the effects of selection and stimulus probability as
well as their interaction. Their relation should allow for an improved understanding of
involved effects and possibly explain differential effect sizes for the difference between tar-
get and distractor stimuli in existing literature. Using the principal experimental design of
Study II, participants were presented with letters either matching or mismatching an above
presented word in two experiments. In both experiments, stimulus probability was manip-
ulated in blocks: In Experiment 1, participants were presented with a target instead of a
distractor in three blocks at a blockwise consistent likelihood of either 25%, 50%, or 75%.
Pupils dilated stronger for selected letters than for distractors, even when targets were
more frequent than distractors, i.e., selection counteracted the effect of stimulus proba-
bility. Selection and stimulus probability as well as their interaction seemingly affected
pupil dilation. However, when fully considering the data structure and thus using multilevel
statistics (as in Study II) instead of calculating condition averages and running ANOVAs,
the main effect of stimulus probability almost vanished. The interaction between selec-
tion and stimulus probability further revealed an interesting pattern: Stimulus probability
interacted with selection, but mainly for target letters, leaving pupil dynamics for distractor
letters largely untouched.

We tested experimentally whether stimulus probability alone would affect pupil sizes in
Experiment 2, just as selection did in Experiment 1 when targets and distractors were
equiprobable. In Block 1, either the letter K or the letter X were presented at a likelihood
of 75:25, with no word being presented in the upper screen center. As in the previous
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experiments, participants had to press a key upon prompt, but they needed to press the
same key, irrespective of the presented letter, making the presented letter meaningless
for the task. Blocks 2 and 3 were replications of the blocks in Experiment 1, where tar-
gets were either rare (25%) or frequent (75%) relative to distractors. In Block 1, pupils
clearly did not dissociate whether a presented letter was frequent or rare. Blocks 2 and
3 showed similar descriptive effects as in Experiment 1, here, stimulus probability did not
show a significant effect whatsoever. Pupil sizes were again comparable between rare
and frequent distractors, showing a comparable signal pattern as the fully irrelevant let-
ters in Block 1. Instead, pupils dilated differentially for target letters depending on stimulus
probability. Concerning the timing of effects, selection consistently affected pupil dilation
earlier than the interaction of selection and stimulus probability in both experiments.

These results allow for the following conclusions on the relation of selection and stimu-
lus probability: While letters in Block 1 of Experiment 2 may be considered as irrelevant
to task and goals (as no task was given), distractor letters in all remaining blocks were
always task-relevant, as participants had to process and categorize them in order to an-
swer with the correct key after a potential Go-prompt. However, only target letters may be
considered task-relevant (for the same reason as distractor letters), but also goal-relevant,
as participants were instructed that the experiment would end once all target letters had
been selected. A newly proposed unified model based on these data suggests a sequen-
tial mechanism: First, stimuli are binary classified regarding their goal relevance to the
beholder (with pupils selectively dilating more for goal-relevant stimuli). In a temporally
subsequent second step, only goal-relevant stimuli are further evaluated regarding their
relative value with pupils dilating further, the higher a stimulus value. This framework may
integrate and explain differential effect sizes in decision tasks, depending on the probabil-
ity of target to distractor stimuli and their difference in relative value. Furthermore, it may
integrate theories and models on binary decision-making, such as the drift diffusion model
with theories on the oddball effect.

45



7 Further experiments and overarching
analyses

Extending the here presented articles, two additional and previously unpublished experi-
ments are presented shortly. Moreover, reaction time data from an overarching analysis
are reported. Finally, the potential of pupil dilation for predicting selection on a single trial
level is addressed in another reanalysis.

7.1 Replication with suddenly increased illuminance

Study II demonstrated that the selection of target letters is associated with a stronger pupil
dilation than processing distractor letters, even when screen brightness and hence illumi-
nance at the eye is abruptly lowered (Strauch, Greiter, & Huckauf, 2018). In an attempt
to replicate and extend the results of Study II also to an abrupt increase in illuminance,
a further experiment was conducted. As the sphincter muscle is substantially stronger
than its opponent that dilates the pupil, it may be asked whether a substantial increase in
illuminance would conceal any arousal-driven effects.

The experiment was similar to the experimental paradigm described in 5.4, but for the fol-
lowing changes/specifications: Thirty-one participants took part in the experiment (Mage =
21.6 years). Instead of abruptly lowering screen brightness in half of trials as in Study II,
screen brightness was increased using a bright gray, resulting in an illuminance of 86 lx at
eye position (constant condition: 60 lx).

In both illuminance conditions and irrespective of a key press, pupils dilated more for tar-
get than for distractor stimuli (Figure 7.1A). Functional confidence intervals show the effect
of selection to be significant in all conditions (Figure 7.1B-E). As in Study II, the effect of
selection emerged descriptively stronger for NoGo compared to Go trials. Effects of a
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Figure 7.1: A: Grand average pupil size changes relative to baseline over the 3 s of letter presen-
tation. The upper four courses indicate the constant, the lower four courses indicate
the increased illuminance conditions with targets in blue and distractors in red (Go:
solid lines, NoGo: dotted lines). B-E: Differences between target and distractor condi-
tions in conjunction with FDR-corrected functional 95% confidence intervals.

Figure 7.2: p-values of a functional linear mixed model over time (FDR-corrected). Factors
were illuminance (gray), GoNoGo (green), selection (purple), and selection*GoNoGo
(brown), with the intercept in black. The dashed line indicates p = 0.05. Functional
p-values indicate very highly significant effects for illuminance, GoNoGo, and selec-
tion. While selection and GoNoGo showed a significant interaction at 1.5 s after letter
onset, this interaction was less accentuated.
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functional model that was determined using an AIC-based backward selection using the
same procedure as in Study II are visualized in Figure 7.2. The most accentuated effects
for selection could be found around 1 s after letter onset. Illuminance, GoNoGo and se-
lection showed very strong effects on pupil sizes, hereby, illuminance was affecting pupil
diameter in the fastest and strongest way. The effect of GoNoGo was also pronounced,
but temporally lagged to the effects of illuminance and selection. No interaction of illumi-
nance and selection was found; the interaction of selection and GoNoGo gained statistical
significance only for a short interval at around 1.5 s into trials.

7.2 Testing the effects of differential consequences to

errors

The here presented investigations showed effects of selection assessed in conjunction
with a GoNoGo task. As detailed in 3.2.3, a key press may affect pupil dilation and even
if the key press was inhibited in the NoGo conditions, it may not be excluded that motor
preparation has taken place. Due to partially different reaction times to target and distrac-
tor letters (e.g., in Study IV), such preparatory processes could even have caused some of
the observed effects in the difference between target and distractor letters, although very
unlikely to the full extent. Testing whether effects for selection persist also when no key
press is necessary, key responses were therefore postponed to after letter presentation
for the experiment reported in the following.

The framework for the effects of selection and stimulus probability presented in Study IV
(Study IV, Figure 9) may be considered one of the central theoretical contributions of this
thesis. Besides testing for the effects without a need for motor execution, the here de-
scribed experiment may subject this framework to a first test: The pupil responds differen-
tially to stimuli, depending on the consequence of reward or punishment (e.g. Varazzani,
San-Galli, Gilardeau, & Bouret, 2015). Changing the relative value of stimuli, the conse-
quence to errors made by participants was thus manipulated blockwise (see section 5.4).
The framework presented in Study IV allows for the following hypotheses: (1) Target letters
(goal-relevant letters) elicit a stronger pupil dilation than distractor letters (goal-irrelevant
letters). (2) Effects of consequence (severity of punishment) should affect pupil dilation
later than (1). (3) Targets should be considered more valuable when the consequence of
an error is drastic, as they allow finalizing this block, suggesting a relatively stronger pupil
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dilation. Conversely, target letters in the block with mild punishment of errors should be
considered less valuable, suggesting a relatively smaller pupil dilation. Distractor letters
should be associated with similar pupil dilations that are always smaller than for targets
and independent of the consequence to errors.

The experiment was similar to its predecessors using equiprobable stimuli except for the
following changes: Thirty participants took part in the investigation (Mage = 21.10 years).
The Go-prompt and the eventual key press were postponed to immediately after the pre-
sentation of letters; participants had 2 s to answer the prompt. If participants missed press-
ing a key in the 2 s interval after letter presentation, pressed an incorrect key, pressed a
key unprompted, or pressed a key during letter presentation, an error was recorded. In two
blocks, errors either caused a 12 s lasting pause (mild consequence) or required partici-
pants to ’retype’ three successfully written letters of the target word (hard consequence).
Furthermore, participants could fall back in the words during the hard consequence block,
i.e., in opposition to the rest of the experiments presented in this thesis, completing a tar-
get word did not hedge against falling back more than the current word. Consequences
were determined as mild and hard based on a pilot experiment with ten participants. The
sequence of blocks (hard punishment and mild punishment) was balanced across partici-
pants. To prevent the experiment from being overly exhausting, the stimulus presentation
phase was shortened to 2 s, as participants needed to keep their gaze inside the central
box also for the response phase.

Figure 7.3 depicts the central results of this experiment. (1) Pupils dilated more for tar-
get than for distractor letters for both consequence-conditions (Figure 7.3A). Figure 7.3B
visualizes the difference between target and distractor letters in pupil size in conjunction
with 95% confidence intervals; a clear effect of selection is evident. (3) The consequence
had no significant main effect on pupil dilation and showed no significant interaction with
selection after FDR-correction. However, descriptive pupil size changes fall in line with
the hypotheses built on the framework presented in Study IV: (2) Pupils dissociated tar-
gets from distractors earlier than a (descriptive) difference between mild and hard conse-
quence could be observed. A noteworthy difference between mild and hard consequence
was only (again, descriptively) observed between targets (see Figure 7.3A). Further in-
vestigating why the interaction between selection and consequence was not significant,
sequence effects reveal an interesting pattern: In Figure 7.3C, pupil sizes are visualized
for the half of participants first absolving the block with hard consequence to errors. The
comparison of effects for this subgroup of participants with the overall effects, reveals a de-
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Figure 7.3: A: Pupil dilation for target (blue) and distractor letters (red). Pupil dilation for mild
(dashed) and hard consequence (solid). B: Functional difference between average
pupil dilation for targets and distractors in conjunction with FDR-corrected 95% confi-
dence intervals (shaded) C: Pupil dilation for target and distractor letters and further
split along the consequence to errors as in A only for participants starting with the
hard consequence to errors.

scriptively larger pupil size during trials with hard consequence in the first half than overall.
For those participants, the interaction of selection with consequence was (descriptively)
further accentuated. This pattern may be explained by participants having more problems
with the task and thus producing more errors in the first trials compared to later trials,
shaping the consequence to errors more meaningful in the beginning of the experiment
than in the end. For this experiment, I further visualized pre-trial pupil sizes for targets and
distractors (Figure 7.3B). Pre-trial courses for target and distractor demonstrate no sub-
stantial effects before trial begin (this finding corresponds to data from other experiments,
see for example uploaded data for Study II).

Here presented results suggest that the consistently observed effect between target and
distractor is not resulting from a flawed baseline correction, as pupil dilations did not dif-
fer before trial onset (see Figure 7.3B). Two principal changes to the basic paradigm (see
5.4) were performed: First, the key press was postponed to after letter presentation, sec-
ond, the consequence of errors was altered blockwise. By postponing the key press to
after trial presentation, participants had to categorize stimuli to answer correctly in the up-
coming interval. As the difference between target and distractor letters persisted also in
this experiment before a key press was allowed, effects of selection cannot have (solely)
emerged due to differential reaction times between target and distractor or an interplay of
inhibition and activation of motor preparation/execution or the Go prompt. The here pre-
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sented results may be treated as tentative further support for the sequential mechanism
proposed in Study IV, however, statistical significance was not reached for the effects of
the consequence to errors. Further experiments could build on these results by increas-
ing the participant or trial number, make the task harder to produce more errors (e.g.,
by shortening trial and response phases), or associate also correctly handled trials with
differential consequences. Especially the latter might be an interesting option: For exam-
ple, double-target trials that allow for selecting two letters at once could be tested versus
regular target trials and two letter distractor trials and regular distractor trials.

7.3 Reaction times to targets and distractors at

equiprobability

How are targets selected? If reaction times for key presses were generally shorter for
target than for distractor letters, this might be interpreted in support of a comparison of
incoming stimuli with an internal representation that takes place while selecting: An in-
ternal representation might be assumed to have pre-activated targets, possibly facilitating
recognition and requiring less or no inhibition compared to any given distractor. In Study II,
reaction time was reported to be on average 30 ms longer for targets than for distractors,
whereas reaction time was reported as 30 ms shorter for Experiment 1 of Study IV. The
principal reason for this discrepancy may be seen in the treatment of outliers, that were
not removed for Study II, but were removed for Study IV. Following Ratcliff (1993), reaction
time outliers may substantially distort data and conclusions. In the following, aggregated
reaction time data for experiments with a 50:50 ratio between target and distractor, i.e., the
experiments reported in Study II (6.2), its replication (7.1), and Experiment 1 of Study IV
(6.4) are described. Based on Ratcliff (1993), I applied a two SD-trimming procedure in
a similar fashion for reaction time data of all three experiments. That is, all reaction times
differing more than two standard deviations from the condition average were removed.
After outlier correction, reaction times were descriptively shorter to targets than to dis-
tractors in all experiments (Study II: M∆ = 75.86 ms, Replication Study II: M∆ = 129.41 ms,
Study IV: M∆ = 26.82 ms). A paired samples t-test for all n = 105 participants reveals a
highly significant effect of selection on reaction times at a medium to large effect size
(t(104) = 7.073, p < 0.001; d = 0.690). For the individual experiments, paired samples t-
tests showed statistical significance for Study II and its replication, but not for Experiment I
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of Study IV. Mean reaction times are visualized in Figure 7.4 together with standard errors
of the mean.

Figure 7.4: Average reaction times to target and distractor letters for all participants in experi-
ments or conditions with equiprobability between target and distractor (Study II, the
replication of Study II, and Experiment I of Study IV). Error bars indicate +/- one stan-
dard error of the mean.

Results show that participants were able to respond about 75 ms faster to target than to
distractor letters. This finding is supportive of the idea of a mechanism where targets are
pre-activated, facilitating faster responses and/or requiring no inhibition in comparison to
distractors. Such a process has been assumed for target selection in the context of visual
search before (e.g. Wolfe, 2010) and finds support also from pupillometric investigations
(Olmos Solis, 2019). Reaction time results reported here may be treated as support for
this idea.

7.4 Predicting target selection for single trials: A ROC

analysis

The results of Studies II and IV, as well as the additional experiments outlined above (see
7.1 and 7.2) on selection vindicate the notion that pupil dilation may be used for distin-
guishing targets from distractors and that such effects are robust both to exogenous and
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to endogenous factors. Hence, the precondition for the idea of enhancing selection mech-
anisms in gaze-based or gaze-assisted human-computer interfaces by adding pupillary
data, as suggested in Study I, Strauch, Greiter, and Huckauf (2017) and Strauch, Ehlers,
and Huckauf (2017), is met. Pupils dilate more on average for to be selected than for to be
rejected stimuli. Still, hitherto results do not allow for drawing conclusions to which extent
pupil size changes may dissociate such stimuli on a single trial basis, or in other words,
what classification performance may be obtained by analyzing pupil sizes alone. This
thesis does not provide a fully exhaustive investigation into this question, however, exist-
ing data may provide some valuable first insights on general classification performance
of pupil sizes for distinguishing selected from rejected stimuli, which are presented in the
following.

Based on data from Study IV, classification performance of pupil sizes for predicting se-
lection was calculated, separately for Experiment 1 and Experiment 2, GoNoGo and the
differential blocks of stimulus probability (target rare, equiprobable or frequent). For this
analysis, pupillary data were first z-standardized within participants. In a second step, re-
ceiver operating characteristic (ROC) curves were calculated using the ROCit r-package
(Khan & Brandenburger, 2019). Classification performance was calculated for pupil sizes
at 1.14 s after letter onset, at this time, the functional model for Experiment 2 showed the
most significant effect of selection on pupil size (see Study IV). The nestedness of trials
within participants was not considered for this analysis beyond z-standardization, to make
results transferable also to other participants/users.

Figure 7.5 visualizes computed ROC curves separately for Experiments 1 (upper row) and
2 (lower row) and for Go (left) and NoGo (right) respectively. As can be seen from the
figure, classification was best when target stimuli were rare (25%: dotted lines) and only
slightly above random classification when targets were frequent (75%: solid line). Ta-
ble 7.1 shows area under the curve (AUC) for the ROC curves. Best classification was
reached in Experiment 1, in the Go condition, with 67.8% of predictions based on pupil
sizes being correct (with 50% as chance level). ROCAUC was highly comparable be-
tween Experiment 1 and Experiment 2, arguing for the stability of reported effects. These
results will be discussed further with regard to possible applications in 8.5.1.
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Figure 7.5: ROC curves, calculated, separately for Experiment 1 (upper row) and Experiment 2
(lower row) of Study IV. Left: Go, right: NoGo. Dashed light gray lines give chance
level classification. Blue lines are ROC curves. Dotted lines give ROC for blocks,
where targets were rare (25%), dashed lines give ROC for blocks where targets were
equiprobable with distractors, and solid lines give ROC for blocks where targets were
frequent (75%).

Table 7.1: Classification performance of pupil dilation for selection in Study IV. Numbers give the
AUC for the ROC curves split for both experiments and GoNoGo for data from Study IV.
0.5 is chance level.

Experiment 1 Experiment 2

Proportion of targets 25% 50% 75% 25% 75%

Go 0.678 0.610 0.529 0.663 0.531
NoGo 0.673 0.607 0.538 0.675 0.558
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8 General discussion and future
directions

The central aim of this thesis is to deepen the understanding of whether and how target
selection is reflected in pupil dilation. This link may tell about selection, but also about
pupil-linked arousal. Furthermore, it was investigated whether the effect of selection on
pupil sizes would be robust to exogenous factors when affecting pupil dilation simulta-
neously. Extending the view also to endogenous factors on pupils, we first investigated
whether task-irrelevant stimuli that are endogenously important affect pupil dilation, using
the own name in comparison to other names. Taking an intermediate role between ex-
ogenous and endogenous factors, the interaction of the oddball effect with selection was
investigated. Finally, results should provide a deepened understanding of what effects
tell about selection in particular, but also about human information processing on a more
general level. In the following, the studies are shortly summarized together with the pre-
viously reported further experiments and analyses. Subsequently, theoretical implications
for cognitive theories linked to selection and implications for pupillometry are discussed.
Here presented findings are further discussed with regard to possible application scenar-
ios and next steps.

8.1 Key findings

8.1.1 Study I)

In Study I, we proposed a framework that may help overcome a possibly low signal-to-
noise ratio for changes in pupil size associated with selection. This could especially be
helpful in gaze-assisted or gaze-based human computer interfaces. Eye-tracking mea-
sures that could help increasing classification performance comprise the distinction be-
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tween focal and ambient fixations and microsaccade dynamics. While it seems promis-
ing to integrate information from other variables obtainable via the same eye-tracker to
improve classification performance, systematic empirical investigations into the question
whether pupil dilation indicates selection were needed first.

8.1.2 Study II)

In Study II, it was thus examined whether selection is reflected in pupil dilation, assuming
an overall larger pupil dilation for target than for distractor stimuli. Furthermore, we in-
vestigated whether such effects would vanish when strong exogenous factors affect pupil
dilation simultaneously, such as a sudden decrease in illuminance. Results show that
pupils indeed dilate stronger for target than for distractor letters and thus indicate se-
lection. This effect was robust to exogenous factors, including suddenly lowered screen
brightness, motor execution or a sine wave tone and later replicated with increasing screen
brightness (7.1).

Together with the results of Study IV and further experiments detailed in section 7, it can be
concluded that the effect of target selection on pupil dilation is replicable as investigated in
the here employed paradigm. Integrating results of the two aforementioned investigations
leaves with the following key messages: First, pupils dilate stronger for target letters than
for distractors. Second, this effect is robust, also to very strong exogenous factors affecting
pupil sizes, such as changes in illuminance, irrespective of whether exogenous changes
lead to an increase or a decrease (see 7.1) in pupil dilation. Third, exogenous factors
primarily affect pupil dilation in an additive manner to effects of selection. However, a
weak interaction of selection and GoNoGo was found to be statistically significant in the
replication (see 7.1). The GoNoGo condition not only entails exogenous factors (sound
prompt, key press), but also endogenous processes may play a role, namely the interplay
of inhibition and activation (Donders, 1868).

8.1.3 Study III)

Would endogenous factors also affect pupils while we are pursuing unrelated goals?
When processing incoming stimuli, besides the internal goals of the observer, also other
endogenous factors might play a role. In two experiments, we presented common first
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names to participants and asked them to perform categorization tasks, such as catego-
rizing names into male and female. Hereby, a GoNoGo task was again included, prompt-
ing participants to answer the categorization task correctly via key press in 50% of trials
(Experiment 1) or 75% of trials (Experiment II). As expected, the own name was caus-
ing larger pupil dilations than other names in both experiments over time. The effect of
self-relevance unfolded in a gradual manner with the own name eliciting the largest pupil
dilation and other names of highly rated self-relevance eliciting a larger pupil dilation than
names of lowly rated self-relevance. Furthermore, effects were stronger in the NoGo con-
ditions in both experiments, suggesting that pupil-linked arousal caused by reading the
own name is harder to inhibit than for other names. Findings of higher arousal for the
(self-relevant) own name than for other names hereby fall in line with findings on self-
relevance from EEG-research (Blume & Herbert, 2014; Herbert, Herbert, Ethofer, & Pauli,
2011).

8.1.4 Study IV)

Effects of selection are often intertwined with effects of stimulus probability. Surprisingly
though, this relation has scarcely been investigated for pupil dilation. In Study IV, stimulus
probability of targets/distractors was varied blockwise. In Experiment 1, a clear effect of
selection was found in all conditions. Functional multifactorial multilevel analyses showed
only a very mild main effect of stimulus probability on pupil dilation. However, there was
a strong interaction of stimulus probability and selection and a strong effect of selection
alone at equiprobability. In Experiment 2, we tested whether stimulus probability alone
would affect pupil dilation in Block 1. This was clearly not the case. Replicating Experi-
ment 1 in Blocks 2 and 3, we found a significant effect of selection as well as a significant
interaction of selection and stimulus probability. Here, no main effect of stimulus prob-
ability was found at all. In both experiments, the interaction of selection and stimulus
probability gained significance later than the main effect of selection, suggesting sequen-
tiality of effects (i.e., selection and subsequently further evaluation). Pupil dilations were
selectively different for targets (goal- and task-relevant stimuli) with varying stimulus prob-
ability, whereas distractors (task-relevant but not goal-relevant stimuli) did not differ from
another in their effect on pupil sizes across probability conditions. Furthermore, only task-
relevant stimuli (distractors) did not differ from fully irrelevant stimuli (stimuli in Block 1 of
Experiment 2). Integrating these results, we suggest a framework that includes a sequen-

57



8 General discussion and future directions

tial mechanism: (1) Stimuli are classified as either goal-relevant or not. After a temporal
offset (2), (3) only goal-relevant stimuli are further evaluated regarding their relative value.

8.1.5 Further experiments and analyses

In the experiment detailed in section 7.1, results from Study II have been replicated and
extended: Selection can be retrieved from pupil dilation also when illuminance is suddenly
increasing. Results of the experiment described in section 7.2 suggest that observed ef-
fects of selection on pupil dilation cannot be the artifact of pressing a key, as potentially
necessary key presses were postponed after letter presentation and pupils dilated still
more for targets than for distractors. Further, the manipulation of the consequence to er-
rors provides preliminary support for the framework suggested in Study IV: Pupils dilated
more for targets than for distractors (1). With harder consequence to potential errors,
pupils dilated descriptively more for targets than in the block with mild consequence (3).
Effects of selection affected pupil dilation earlier than the not significant effect of the conse-
quence (2). In section 7.3, reaction times were reanalyzed for experiments that required
a non-lagged key press and where targets and distractors were equiprobable. Results
demonstrate faster reactions towards targets than to distractors overall, an effect that was
descriptively evident in all investigations. In section 7.4, results of a first ROC analysis
are presented to assess the classification performance of pupil dilations alone for inferring
selection, using data from Study IV. Results indicate a classification performance of 68%
when targets were rare, 61% when targets were equiprobable, and, slightly above chance
level, 53% when targets were frequent.

8.2 Selection - a common process in several fields?

As pointed out before, selection can be considered a process that is fundamental to many
concepts in cognitive psychology. As such, here presented results may be interpreted in
terms of specific psychological phenomena, but also in terms of bigger psychological con-
cepts. In the following, implications for the understanding of the oddball effect as specific
phenomenon will be discussed, as well as for broader concepts with ties to selection, i.e.,
emotional processing, perceptual decision-making, and visual search.
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8.2.1 Selection as necessity for oddball effects

In the theoretical introduction, the oddball effect was categorized as a primarily exoge-
nously triggered factor, as differential stimulus probabilities can be observed from the
outside. Our results indicate that it is in fact both exogenous and endogenous: If a (ex-
ogenously) rare stimulus is not of (endogenous) goal-relevance, no contrast in response
time or psychophysiology will be observed compared to a frequent stimulus. The relation-
ship of the oddball effect to effects of decision-making or selection is frequently discussed
along with other theories (see Verleger (2020) for a review). For example, Twomey et
al. (2015) suggest that the oddball effect may be explained by differential thresholds in
a diffusion model. In contrast, the theory of event coding (Hommel, Müsseler, Ascher-
sleben, & Prinz, 2001) has been suggested to account for the phenomenon: Verleger and
migasiewicz (2016) put the idea forward that the pairing of stimuli with responses, for ex-
ample pressing the left arrow key for frequent stimuli and pressing the right arrow key for
rare stimuli creates stimulus-response files that are differentially activated. The reactiva-
tion of rare stimulus-response files is hereby associated with higher activation and longer
response times than the retrieval and execution of a frequent file. This idea may explain all
results described in Study IV when it comes to rare and frequent stimuli, however, it may
not explain why pupils and response times were different between target and distractors
already at equiprobability. This shapes the idea of a sequential mechanism, as proposed
in Study IV more parsimonious, as it may explain all effects. Not deprecating any of the
aforementioned accounts, I argue to reconsider how the oddball effect comes into place:
My data suggest that classifying a stimulus as goal-relevant is a necessary precondition
for oddball effects to emerge in step one, with a stimulus-probability related step occuring
in step two. I thus propose that it is two sequential components we observe here instead of
just one. The later step could be understood in terms of a diffusion process as proposed by
Twomey et al. (2015) and/or as the result of the reactivation of stimulus-response files only
for goal-relevant stimuli (Verleger & migasiewicz, 2016), the earlier could be modeled by
an own distinguished process, possibly using a separate diffusion model. When applying
the ideas of Twomey et al. (2015) and Verleger and migasiewicz (2016) to the second step
only, they may both account for all effects observed as described in this thesis. Putting the
categorization of exogenous/endogenous factors in the theoretical introduction into per-
spective, the oddball effect can thus be considered as a hybrid form, coming into place
only by an interaction of endogenous (differential goal-relevance) and exogenous factors
(differential stimulus probabilities).
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8.2.2 Selection and effects of self-relevance

The foregoing considerations also raise new questions on the results presented here on
self-relevance of stimuli in Study III: Reading the own name elicited a larger pupil dilation
than other names of higher rated relevance to the beholder, which in turn evoked a larger
pupil dilation than other names of lower rated relevance (Greiter, Strauch, & Huckauf,
2018). In the here presented experiment, the own name was always rare (one out of 31
names), could higher pupil-linked arousal for the own (odd) name be the result of the odd-
ball effect then? An involvement of the oddball effect cannot be ruled out completely, still,
it is unlikely that the oddball effect may explain effects alone: Also other names of high rel-
evance elicited a stronger pupil dilation than names of lower self-relevance. Furthermore,
in contrast to effects of self-relevance, no interaction was found between stimulus prob-
ability and GoNoGo in Study IV, and thus activation/inhibition. The categorization task
in Study III only allowed for presenting the own name a limited number of times. While
one may assume that the own name is a particularly self-relevant stimulus, future inves-
tigations could use another paradigm and stimulus material, such as pronouns related to
oneself compared to pronouns related to others (Blume & Herbert, 2014; Herbert et al.,
2011) for increasing the possible number of trials. Investigations into the effects of self-
relevance using pronouns further show differential activation patterns in the EEG, although
self-relevant pronouns (e.g., mine) were equiprobable to non-self-relevant pronouns (e.g.,
his), letting assume that the oddball effect cannot be the sole cause of observed effects. It
would be most interesting to combine effects of selection with effects of self-relevance in a
future investigation, as we did for effects of selection and stimulus probability in Study IV.
Here, especially the time courses of effects would be of interest: selection was found to
affect pupil dilation earlier than stimulus probability, but also self-relevant pronouns were
found to have been processed preferentially during initial processing (Blume & Herbert,
2014). Therefore, it could be tested, whether selection and self-relevance can be disso-
ciated using pupil dilation in combination with EEG measures. Hence, it could be that
self-relevance triggers a selection process or it could be that stimuli are first classified re-
garding goal-relevance and then regarding self-relevance. If effects of self-relevance are
understood as an emotional response, the classification regarding goal-relevance may be
considered its first step.
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8.2.3 Selection as a part of emotional processing?

Studies II, IV, as well as the additional results reported in this thesis (7.1 and 7.2), all sug-
gest a higher pupil-linked arousal for target than for distractor letters. This effect points
to a binary classification mechanism for incoming stimuli into either goal-relevant or not
before further evaluation takes place (future experiments need to clarify the binary char-
acter beyond the paradigm employed here nonetheless, best by using gradually differ-
entially relevant stimuli; see Study IV). Investigating the interplay of task-relevance and
emotional activation, Schindler and Straube (2020) find parallel effects for emotion and
task-relevance using EEG methods, however, they find a strong interaction of the two only
at a later stage, corresponding with here presented results on goal-relevance and the odd-
ball effect. Both decision-making (e.g. Einhäuser et al., 2010) and emotional processing
have been demonstrated to affect pupil sizes (e.g. Partala & Surakka, 2003). Was it decid-
ing whether a stimulus was a target or a distractor or was it the emotional response (e.g.,
to be delighted about a target stimulus) towards stimuli that caused the observed effects?
One might argue that deciding whether a stimulus is correct or its emotional evaluation
produced the observed effects. I argue that results reported here in fact vindicate and
connect both notions. In a first step, a binary classification into goal-relevant or irrelevant
stimuli is executed for incoming stimuli, in a second step further (emotional) evaluation is
performed. For emotional processing, the first step can be considered as a necessary pre-
condition. This is also reflected in sequential theories on emotional processing that receive
further support by the data presented here. One of the most prominent sequential models
of emotional processing is the Component Process Model (CPM) by Scherer (Grandjean
& Scherer, 2008; Scherer, 2009), essentially postulating a sequential process that is char-
acterized by four steps: checking for a stimulus’ relevance, its implications, the possibilities
to cope, and the normative significance. While the later steps in the model are difficult to
be tested for, the first steps, and especially their sequentiality may be subjected to experi-
mental tests using physiological measures. Results from Study IV support the notion of an
initial relevance-classification, followed by subsequent further evaluation. Hence, I argue
that it is neither selection and emotional processing nor selection or emotional processing
that causes the observed effects. Instead, selection can be understood as a fundamental
part of emotional processing. However, this does not mean that any selection must be
accompanied by an emotional response, but at this point, somewhat philosophically, it has
to be asked how large any affective reaction must be to be considered an emotion. This
implies that literature on selection or binary decision-making should be considered when
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aiming at understanding emotional processing better, especially for the first step as pro-
posed in Scherer’s model. Also the oddball effect could be interpreted from the angle of
the following steps in Scherer’s model, i.e., the stimulus implications, possibilities to cope,
and its normative significance. Vice versa, a modified version of Scherer’s model may be
interpreted as a general model of information processing: Hereby, selection/classification
could constitute the first necessary step, with further steps considered as optional.

As performed for the oddball effect in Study IV, also effects of emotional processing could
be investigated specifically in combination with effects of selection. Here, the emotional
content of selected stimuli (i.e., targets) could be varied for retrieving information about
the time course of activation to both factors. This could be achieved for example by condi-
tioning certain letters with emotions upfront, as it has been demonstrated for other stimuli
in pupillometric investigations (Pittino, Kliegl, & Huckauf, 2018).

8.2.4 Selection from the perspective of perceptual decision-making

Larger pupil dilations observed for targets than for distractors confirm results obtained in
basic signal detection tasks, finding larger pupil dilations for ’yes’ compared to ’no’ deci-
sions (de Gee et al., 2017; de Gee et al., 2014; Hakerem & Sutton, 1966). This effect
was found even though tasks employed in classical perceptual decision-making, such as
random dot kinematograms, differ substantially from the here employed paradigm. Fur-
ther, this result falls in line with data showing larger pupil dilations for selected numbers
from a sequentially presented stream of numbers (Einhäuser et al., 2010). Moreover, this
effect was found at a larger effect size, possibly due to a more meaningful consequence
to participants (see 8.3.1). The here presented results may thus be treated as evidence
for the external validity of conclusions drawn from classical tasks for investigating percep-
tual decision-making, such as signal detection tasks or random dot kinematograms. Our
results show that pupils dilate more for selected than for rejected stimuli also at low uncer-
tainty, with no need to adapt decision strategy over time, and with the probability between
both options staying stable.

It is plausible to assume that effects of decision-making are linked to changes in mental
effort: Accumulating evidence is linked to increasing mental effort and thus pupil dilation.
Via that link, pupils might dilate during selection (see 3.3.2). In line with this idea, previous
investigations found overall larger pupils, the harder a decision task was (Kahneman &
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Beatty, 1967). And yet, this does not initially explain why pupils dilate even further for tar-
gets than for distractors. Resulaj, Kiani, Wolpert, and Shadlen (2009) propose that once
a decision is reached - formalized via diffusion modeling: once a diffusion rate reaches a
criterion level - further information that is already in the sensory pipeline is still used for
either reaffirming or reversing the initial decision. This idea was based on experiments
using a handle that participants had to move towards one or the other direction depending
on perceived random motion direction, changes in decisions are thus reflected in changes
in the trajectory towards one or the other endpoint. Hence, pupils could dilate due to the
initial selection process (goal-relevant or not?) and then dilate further for target letters as
a subsequent reaffirmation/reversal decision takes place only for stimuli initially classified
as goal-relevant (truly goal-relevant?). Considering differentially large pupillary responses
for targets depending on stimulus probability, one might assume that a second decision
is associated with differential thresholds/drift rates depending on stimulus probability and
hereby explains observed effects on stimulus probability and selection in Study IV. In Re-
sulaj et al. (2009), changes of mind were observed in direction of both options, however,
options did not differ regarding goal-relevance. As in Study IV, Resulaj et al. (2009) report
a small temporal offset between both distinguishable processes - selection and confirma-
tion in Resulaj et al. (2009) could hence reflect a similar underlying process as selection
and further evaluation in Strauch, Koniakowsky, and Huckauf (2020). It could be investi-
gated whether the second process can indeed be more than binary (as indicated by three
differential pupil courses in Study IV). Further, methods could be combined by using a
similar motor task as in Resulaj et al. (2009) that allows for identifying changes of mind via
deviating trajectories towards options with pupillometric measurements. Importantly how-
ever, effects of movement on pupil dilation must then be controlled or at least regressed
out. Alternatively to the idea of pupils reflecting mental effort in two sequential decisions,
pupils could dilate more for targets than for distractors due to a transition between states,
from exploration to exploitation, in terms of the adaptive gain theory (Aston-Jones & Co-
hen, 2005; Martin, 2019).

Heekeren et al. (2008) suggest that four distinct components are active during perceptual
decision-making in the brain. Interestingly, they argue that these systems are active in
a parallel manner, i.e., in opposition to many psychological process models. As pointed
out before, effects of selection on pupil dilations show a considerable parallel to effects
of decision-making, i.e., selected stimuli elicit a larger pupil dilation than rejected stimuli.
If the oddball effects were however a single perceptual decision, as data by Twomey et
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al. (2015) suggest, then a sequentiality of processes within that decision process must
be assumed with a classification step in the beginning and a subsequent evaluation step
(Strauch, Koniakowsky, & Huckauf, 2020). Resolving this conflict, it would be interesting
to investigate neural activity during a comparable task as used in Study IV. However, it
cannot be excluded that a BOLD signal simply does not provide the temporal resolution
to reflect sequentiality of these components. Therefore, EEG might be more suitable as a
method.

Gomez, Ratcliff, and Perea (2007) demonstrate that drift diffusion models account for ob-
served data in classical two-alternative forced choice tasks, as well as for data obtained
from GoNoGo tasks. They conclude that two-choice tasks are more sensitive for research
into perceptual decision-making using diffusion modeling than GoNoGo tasks, as they pro-
vide twice as many trials. Results from the here presented experiments however demon-
strate that using a GoNoGo procedure may allow for retrieving valid physiological data
into the decision process: Hereby, it can be excluded that effects observed in pupil dilation
during decision-making result from motor execution and differential reaction times, rather
than the investigated selection/decision process itself. Note however that a GoNoGo task
usually denotes a task during which participants have to respond towards a cue, whereas
they have to inhibit this response in the cue’s absence. Deviating from this basic task,
in the here presented experiments participants had to press either one or another key,
depending on the presented stimulus in Go trials.

While some research indicates that pupil dilation may be connected to differentially high
thresholds in a diffusion process (Cavanagh et al., 2014), more and more evidence links
pupil dilation to the drift rate (e.g. de Gee et al., 2014; Murphy, Vandekerckhove, &
Nieuwenhuis, 2014). My results rather support the latter notion, but this assumption can-
not fully account for the results of Study IV in both cases, if selection and the oddball
effect were not considered as separate processes that both affect pupil dilations and re-
action times. If pupil dilations were representing a threshold, reaction times would have
to be longer, the larger the pupils’ diameter. In Study IV (see Figure 3 of Study IV), pupils
dilated more for rare than for frequent targets, whereas there was no difference for rare
compared to frequent distractors. In sharp contrast, however, reaction times were mainly
affected for distractors, not targets (see Figure 4 of Study IV). If pupil dilations were repre-
senting the drift rate, larger pupil sizes should be associated with faster reactions, which
was the case for the comparison between targets and distractors (see 7.3). If the oddball
effects indeed were to be understood as result of a diffusion process (Twomey et al., 2015)
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and pupil dilation was associated with the drift rate, reaction times to distractors should
not have differed depending on stimulus probability, which they did (as pupil sizes did not
differ either). Moreover, reactions were fastest when targets were frequent, although pupil
dilations were not maximal in this condition, but when targets were rare. For the here
reported experiments, it was not crucial for participants to respond as fast as possible
(although instructed to do so), as long as they pressed the correct key during the trial
(except for 7.2, where a key press was lagged). Therefore, reactions were rather slow,
which is however likely an effect of the relatively difficult task and thus task load. Besides,
consequences to errors were rather drastic to participants, urging them to keep them very
low and thus to shift towards high accuracy at the cost of speed in the speed-accuracy
trade-off. While almost all participants made some errors, most made only few. Therefore
it is debatable whether results can be interpreted in terms of diffusion models as a way to
present and interpret their reaction time and error rate data, as ’regular’ experiments from
the field usually comprise fast reactions and provoke errors. Still, only minor changes
to the paradigm could allow for doing so, e.g., by making trials shorter (e.g. to 1.5 s or
1 s) and hereby force participants to make faster picks, possibly resulting in more errors.
It would be interesting to see how such modifications affect results, not least because
pupil-linked arousal is suggested to be involved in regulating the speed-accuracy trade-off
(Naber & Murphy, 2020).

8.2.5 Selection as a part of visual search?

Target selection, as investigated in this thesis, could be the same fundamental process
as target selection in visual search, at least in its effects on pupil sizes. This notion is
supported by a comparable difference in pupil dilation between target and distractor stim-
uli reported for visual search (Klingner, 2010; Martin, 2019; Privitera et al., 2014) and
reported for the investigations in this thesis. Besides pupil dilations, also results for reac-
tion times suggest that target selection as investigated here and as investigated in visual
search are the same process: When varying the proportion of targets to distractors in a
visual search task, equiprobable targets or more frequent targets showed only effects on
reaction times for distractors, but not targets, although there was a descriptive tendency
(Martin, 2019; Wolfe & Van Wert, 2010). This finding is in line with results on reaction times
presented in Study IV, where reaction times were mostly affected for distractor letters with
differing ratios between targets and distractors. While differences between paradigms
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somewhat limit assertions, it seems plausible that similar effects are underlying. Hence,
the here introduced paradigm may allow for investigating target selection more closely in
the first place, when effects of spatial selection or the transition between spatial and target
selection are not of interest.

In their influential review, Corbetta and Shulman (2002) propose the existence of two
brain networks that are taking key roles in controlling attention during visual search. One
network is proposed to apply top-down selection of stimuli and associated responses (en-
compassing fronto-parietal brain areas). The second network is for detecting stimuli that
are potentially behaviorally relevant and may interrupt the other network (encompassing
ventral fronto-parietal brain areas). Following this idea, information about perceptual stim-
ulus properties can be assumed to be represented in a perceptual set. Together with
information about a required motor response, the motor set, this forms an attentional set
that aids detection and response to targets in visual search. Corbetta and Shulman (2002)
point out that potentially important stimuli may attract our attention irrespective of the on-
going task in a bottom-up manner. Are these networks reflected in pupil dilation? Both
top down selection of stimuli and potentially relevant stimuli affected pupil sizes: For the
former, the pupil dilated more for the to be selected target, for the latter, the pupil dilated
more for one’s own name while pursuing an unrelated task in Study III. Now it would be
interesting to see whether these networks can be dissociated using pupil dilation, possibly
in a systematic joint investigation of stimulus (self-)relevance and selection, as suggested
in 8.2.2.

Wolfe (2010) assumes that when selecting (or rejecting), incoming stimuli are likely com-
pared to some internal representation of a target in visual search. Selection, as inves-
tigated in the here presented experiments, supports this general idea, as reaction times
indicate: Participants were faster to respond to targets than to distractors, suggesting
some sort of pre-activation, as could be elicited by an internal representation of the tar-
get (see 7.3). In line with the here reported findings, Olmos-Solis, van Loon, and Oliv-
ers (2018) recently demonstrated that task-relevant stimuli are associated with differential
pupil-linked arousal compared to irrelevant stimuli already prior to search. This suggests
that the activation of a target template takes place upfront. Narrowing down what rel-
evance really means, results from Study IV suggest that an effect of selection on pupil
dilation is elicited specifically by goal- rather than just behaviorally relevant or irrelevant
stimuli. As demonstrated in the NoGo conditions, but also in 7.2, where a key had to be
pressed only after letter presentation, no overt behavior needed to be performed for ef-
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fects to emerge. A future investigation could combine these investigations (Olmos-Solis
et al., 2018; Strauch, Koniakowsky, & Huckauf, 2020) and scrutinize whether the distinc-
tion between goal-relevant stimuli on the one side and merely task-relevant and irrelevant
stimuli on the other also upholds for the activation of templates prior to search. Both inves-
tigations demonstrate the considerable potential for investigating sub-processes of visual
search using pupil dilation. Summing up, the results presented here show great potential
for fluctuations in pupil size as a means to investigate a sub-process that is central to
many concepts in cognition: selection.

8.3 Implications for experimenting and pupillometry

Putting here presented studies and results in a broader context allows for considering
implications on experimental design and data analysis when working with pupil sizes as
dependent variable. Key findings and implications are discussed in the following.

8.3.1 Shaping actions meaningful

Results support the idea that selection must be connected with goal-relevance to par-
ticipants to elicit stable and substantial effects on pupil dilation. As pointed out before,
selection may be assumed to play a rule in a number of phenomena investigated in cog-
nition. For experimental designs, this implies associating options with real, meaningful
consequences. This holds also true, if further steps in information processing were of
interest (e.g., during investigations into emotion). The stability of effects for selection
and the absolute difference between pupil sizes for targets and distractors across exper-
iments presented here is remarkable in comparison to many effects reported (e.g. Ein-
häuser et al., 2010; Privitera et al., 2010), e.g., as assessed during visual oddball search
tasks with relatively even substantially fewer targets (Klingner, 2010). Adhering to the ex-
perimental instruction (and seeing target letters) was communicated as having the likely
most rewarding possible consequence to participants in basic experimental psychologi-
cal experiments: allowing to absolve the experiment somewhat faster than assumed. In
contrast, from personal experience and reports of participants, it may be stated that be-
ing thrown back in the task and knowing that this would prolong the overall experiment
duration was effective as meaningful negative consequence. These two factors might
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thus explain why observed effects for selection were substantially larger and more stable
compared to one of the few previous investigations addressing selection specifically (Ein-
häuser et al., 2010). Although sometimes hard to realize, I thus argue to put emphasis on
how to make participants actions or thoughts matter, not only when investigating effects
of selection.

8.3.2 Controlling for motor execution

For most experiments into perception and cognition, a key press or other movement is
necessary at some point. Effects of motor preparation and execution often superimpose
possible effects associated with changes in cognitive processing on pupil sizes (see 5.2).
Therefore, preventing and controlling such systematic confounds is most important when
using pupil dilation as dependent variable. In this thesis, I made use of three different
methods for controlling or eliminating such effects: First, the necessity of pressing a key (or
not) was independent of other independent variables. When considering the differences
between experimental conditions, effects must therefore not be ascribed to the key press
alone. However, it is important to carefully consider potential differences in response times
for excluding differential effects of motor execution across conditions. Second, participants
had to press a key only for some trials. This was however not associated with different
blocks of the experiment, but indicated by a cue before each trial (or its absence). If one
now controls for the effects of the cue (here: sound prompt as cue for Go vs. NoGo, as
in Study II), effects for trials without key press at least carry no traces of motor execution.
However, inhibition of motor execution or just motor preparation may not be fully excluded.
Third, if possible, necessary key presses can be postponed to a period after a trial (as
in 7.2), but the mental process in the center of the investigation must be carried out first.
All these approaches have specific disadvantages, such as fewer or no trials at hand for
reaction time analyses. Together they may still be considered as successful solution to
this basic problem when designing experiments for obtaining meaningful pupil sizes, at
least in the context of investigating selection as described in this thesis.

8.3.3 Multifactorial multilevel pupillometry over time

While one needs to be cautious to not use mutlifactorial multilevel methods and analyses
as a tool to overcome bad experiment planning, here presented results demonstrate the
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potential of applying such methods for understanding what factors affect pupil sizes over
time. Hereby, we were able to demonstrate the sequentiality of effects of selection and
stimulus probability in Study IV not only descriptively, but also statistically. Moreover, this
method allowed to demonstrate that selection affected pupil dilations earlier than pressing
a key in addition to response-locked analyses. In principle, such methods should be ap-
plicable to all processes that might be composed by sequential or parallel subprocesses
possibly affecting pupil dilation at the same time or shortly after another. The functional
application of multifactorial multilevel methods could thus foster and deepen our under-
standing, especially of complex cognitive processes and their interplay. Of course, one
may also consider more data-driven methods principally leveraging comparable informa-
tion, such as similarly applied principal component analyses (Wetzel et al., 2020). Be-
sides, at least a multilevel approach as chosen for most data presented in this thesis, only
makes sense if participant and trial numbers were sufficiently high for all experimental
conditions.

8.3.4 Pupil dilation as additive marker of activation

In Study II and IV, as well as the further studies reported in 7.1 and 7.2, multifactorial de-
signs were employed, including both exogenous and endogenous factors. Effects on pupil
dilation were mostly additive. Only the interaction of selection and GoNoGo, and thus ac-
tivation/inhibition (Donders, 1868), showed mild effects on pupil sizes. Effects of inhibition
were also shown to interact with the self-relevance of stimuli in Experiment 1 significantly,
but not Experiment 2 of Study III. Hence, clear statements for inhibition seem premature.
Effects of selection and stimulus probability interacted strongly, too. For the other factors
investigated, a linear additive model of effects on pupil dilation may be assumed. These
results may not provide a fully exhaustive investigation into this question, yet the assumed
linear model argues for employing subtractive rather than divisive correction for pupil sizes,
in line with current existing research (Mathôt et al., 2018; Reilly et al., 2019). This sup-
ports the feasibility of disentangling the pupillary signal by subtracting effects especially
for exogenous factors, such as changes in illuminance, other than the factor in the center
of the investigation (Pfleging et al., 2016).
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8.4 Function: Why pupil might dilate during selection

In 3.5, the ongoing debate on why fluctuations in pupil size accompany changes in arousal
was addressed from an evolutionary perspective. Central hypotheses comprise the idea
of (1) potential perceptual advantages, (2) a function for interpersonal communication,
(3) mating, as well as (4) deimatic display, and (5) the notion of pupil size changes as
an epiphenomenon. Of course, these ideas are not necessarily mutually exclusive. For
which of these accounts do the observed effects argue during selection? Results from
an experiment conducted on a modified version of rock paper scissors argue for a role of
communication: After being told that pupil dilation would be indicative of an opponent’s
decision, participants increased their performance above chance level. However, without
instruction to do so, they did not make use of this information (Naber, Stoll, Einhäuser, &
Carter, 2013). Hence, we might be able to use dilating pupils around selection for under-
standing our opponents’ intention, however, we usually are not exploiting this source of
information. Combining results on selection with this investigation, one may thus recom-
mend poker players to keep their glasses on to keep their intentions covered or to read
section 3.4 carefully to trick their opponents by changing their own pupil size. Effects
of selection on pupil dilation were generally small, with pupils dilating about 0.05-0.1 mm
more for targets than for distractors. Hence, any effect on perception, mating, or deimatic
display must have been quite small. Of course, even a small effect on, e.g., visual percep-
tion (Ebitz & Moore, 2019; Mathôt & Ivanov, 2019) could provide an evolutionary edge.
The idea brought forward by Ebitz and Moore (2019) suggests that a dilated pupil, by in-
creasing defocus blur and hereby decreasing spatial frequency information, could allow
for deciding quickly what class an object falls in. Hereby, selection could be eased. In
line with this idea, pupils dilated whenever a decision was necessary, that is, for both tar-
gets and distractors and even more so for targets. For future research it would thus be
very interesting to see whether absolute dilations, as monitored for the selection process
in the investigations reported here, indeed go in hand with faster and more accurate ob-
ject classification. This way, the principle effect of the adaptive gain theory (Aston-Jones
& Cohen, 2005) (see 3.3.5) could be associated with a functional consequence for vi-
sual perception, especially during decision-making and visual search: During exploration
(tonic activity, small pupils), high spatial frequency information allow for optimal, bottom-
up driven spatial selection. Whenever a stimulus is undergoing visual inspection and the
target selection process needs facilitation, pupils dilate (exploitation) and hereby blur out
irrelevant information for easing to grasp the overall shape and class. But why do pupils
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dilate even further for target letters? One possibility would be that this not only reflects the
encoding of error signals under uncertainty (Philiastides et al., 2011), but also allows to
facilitate the detection of errors. As pointed out before (8.2.4), this could reflect a second
reaffirmation/reversal decision (Resulaj et al., 2009) and this confirmatory decision could
be eased by changing the visual input by dilating pupils further.

While communication or facilitating perception might be the evolutionary cause for pupils
to dilate during selection, the further increase for targets might also be an epiphenomenon.
There are ideas relating higher arousal-state with behavioral effects of decision-making:
Besides simply reflecting evidence accumulation, additionally increased arousal for targets
compared to distractors can be interpreted in terms of response facilitation (Nieuwenhuis,
Aston-Jones, & Cohen, 2005). Increased arousal may allow for responding faster towards
goal-relevant stimuli, be it behaviorally by pressing a key or be it by using goal-relevant
stimuli for ongoing mental operations. Some support for this account may be drawn from
the finding that larger pupils for targets were associated with faster responses, whereas
smaller pupils were associated with slower responses. However, the question into the re-
lation of (tonic or phasic) pupil dilation to response times has not been answered exhaus-
tively yet: For example, Schriver (2020) reports an association of the baseline pupil dilation
with response times in animal experiments, whereas Hong, Walz, and Sajda (2014) do not
find such a link in humans. Instead, van Kempen et al. (2019) find both tonic and phasic
pupil dilations to be related with behavioral outcomes in perceptual decision-making. It
may be one of the aforementioned accounts or a combination of these that is in general
causal for pupils covarying in size with arousal during selection. It is, however, also con-
ceivable that observed changes in pupil dilation neither serve for optimizing communica-
tion during selection, nor facilitating selection itself, but merely reflect an epiphenomenon.
For example, dilating pupils during mating (and mating alone) could be very important
from an evolutionary standpoint, outweighing the (moderate) metabolic cost of our pupils
dilating and constricting all the time as we use our brain also when not being occupied
with mating. This link might have fostered the link between arousal and pupil sizes and
could thus also render observed effects during selection as an epiphenomenon. Is there a
sense in pupils reflecting changes in arousal state then or not during cognition? I person-
ally believe so, but this question cannot be answered exhaustively yet and will - hopefully
and likely - see further intriguing experiments and ideas in the near future.
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8.5 Applications

As outlined in 3.6, the pupil size has been suggested as marker of cognitive processes for
a range of applications. In the following section, possibilities for applications specifically
building on the effects of selection on pupil sizes are introduced shortly.

8.5.1 Inferring target selection for HCI

The results presented in Studies II and IV, but especially ROC analyses in 7.4, reveal first
insights into the question of classification performance for pupil sizes during selection on
a single trial level. Targets will likely be rather rare than frequent for most application sce-
narios, potentially rarer than 25%, e.g., for text input as in Strauch, Greiter, and Huckauf
(2017), likely improving classification performance. However, it is hardly conceivable that
such settings would allow for classification accuracies over 0.95 or beyond, that would
be needed for being considered sufficient under usability considerations. Still, there is
some usefulness in the pupillary signal that could help making other mechanisms more
reliable and potentially faster (as suggested in Study I). As this is not yet an exhaustive
investigation into the question of the full potential of pupil sizes for predicting selection on
a single trial basis, a number of options remain for levering a potentially higher prediction
performance based on the pupillary signal than demonstrated here.

The nestedness of trials within participants could be considered: this would allow for con-
trolling potential differences in the potential participant-idiosyncratic responsiveness of the
pupil. For applications, classification performance could thus be increased by adding a
calibration phase. In a scenario where pupil size isn’t the only predictor for selection, as
described in Study I, the first selections could be performed with less weight given to pupil
sizes, with the weight increasing with ongoing operation of an interface, once enough trials
and pupil dynamics are at hand for determining reliable cut-off values for classification. If
corrections to erroneous user input were possible, users could hereby train their individ-
ual classification mechanism. For this first analysis, only one specific point in time was
considered. Possibly, other earlier points over time allow for potentially (almost) similar
classification performance, allowing faster information retrieval from the pupillary signal.
Classification tasks, such as the present one, may be investigated using machine learning
techniques. These could further make use of the full signal dynamics up to the currently
investigated data point and thus make use of more information in the signal (Bednarik et
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al., 2012; Vrzakova, 2019). Hereby, also transformed data could be considered, e.g., Bed-
narik et al. (2012) show best classification performance for pupil dilation using the second
derivative. If analyses were run on the present data, such approaches must, however,
consider differential base rates of target vs. distractor letters for assessing classification
performance. Another option for improving speed and accuracy could lie in signal decon-
volution techniques that were demonstrated to increase the speed of information retrieval
from pupil sizes (Wierda, van Rijn, Taatgen, & Martens, 2012). Similarly, average pupil
sizes, as investigated here, provide a significant portion of information, but maybe not the
full information content that pupil sizes convey. For example, it has been demonstrated
that also oscillations in the pupillary signal can be informative for estimating mental effort
(Duchowski et al., 2018). Another predictor accounting for some trial to trial variability in
prediction performance might be the absolute pupil dilation at baseline level (i.e., tonic
activity). For example, it has been demonstrated that the pre-trial pupil dilation is predic-
tive of later neural signatures of target detection/decision-making (Hong et al., 2014; van
Kempen et al., 2019). As a next step, it could be investigated whether pupil size changes
described here can still be observed when gaze may be shifted freely while correcting for
gaze-position related measurement distortions (e.g. Hayes & Petrov, 2016) and using the
technique described by Klingner (2010) for aligning pupil responses to fixations.

Still, one must keep in mind that data analyzed here were collected under highly stan-
dardized laboratory conditions. Here presented results demonstrate that, in principle,
exogenous and endogenous factors affecting pupil dilations at a similar time as selection
can be deducted for the largest part. However, such an approach would require intensive
hard- and software efforts, such as sensing changes in illuminance or auditory stimula-
tion and require potentially data intensive on-line calculation. Hence, merely pupil-based
human computer input, exploiting the effects of selection demonstrated in this thesis, is a
distant dream of the future, if ever feasible at all, but this is not necessarily the case for
pupil-assisted input. One exception may be seen in virtual reality headsets that already
carry eye-trackers for foveated rendering (see Patney et al. (e.g. 2016) for an example of
foveated rendering in virtual reality), as at least changes in screen brightness would not
have to be sensed by the system.
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8.5.2 Further applications

Applications (partially) exploiting the here presented effects are, however, not restricted to
selection in HCI: Any given system that is displaying critically important information to a
user, could, in combination with an eye-tracker, check whether the user did not only look
at the information, but also classified respective information as relevant. Hereby, pupil
dilation could contribute to a better model of the user’s understanding of the situation. De-
pending on the outcome, additional cues such as a warning sound could then guide user
attention towards this critical information or systems could refrain from giving additional
cues to keep mental effort low during already overwhelming situations - be it in a plane’s
cockpit, the user interface of a train or car, in a power plant, or in other areas.

Similarly, discerning what information has been processed as relevant might have impli-
cations in the pedagogical context for evaluating study material. This information could
be used in user/learner-adaptive educational software, commonly referred to as Intelligent
Tutoring Systems (Phobun & Vicheanpanya, 2010). Such information would be of special
interest in contexts, where multiple aspects have to be identified as relevant and then need
to be integrated. Another field of application lies in amplifying companion technology. For
example, robots utilized in care could understand intentions of people in need of care bet-
ter and strive towards fulfilling these, e.g., by presenting different options and retrieving
pupil sizes as one indicator of intention.

8.5.3 Applications in psychological and user experience research

Of course, all of these fields would require intensive investigation as of today and even
then, it is not clear whether investigators would succeed in unlocking the incremental
amount of information needed from pupil diameter. For now, pupil size changes might
serve as an add-on, but not as a fully reliable sole indicator of the categorization of a
stimulus as goal-relevant on a single trial basis. End user applications needing to rely
on single trials may lie in a distant future, but the results presented beyond the single
trial level likely have plenty potential for researching cognition in basic and applied sce-
narios: While pupil dilations could not reliably dissociate target from distractors in the
investigations presented here on a single trial basis (see 7.4), averaging multiple trials on
an individual participant level demonstrated highly reliable effects, showing consistently
larger pupil dilations for target than for distractors (e.g., see the supplementary material to
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Strauch, Greiter, and Huckauf (2018)). This becomes evident also by the high statistical
significance for all effects of selection.

Hence, when it comes to the design of specific interfaces, study material, or the identifi-
cation of goal-relevant features for investigating cognition, multiple trials and participants
allow for very reliable effects and this respective information. Hereby, the combination of
different correction approaches could also allow for moving gaze position freely by includ-
ing control for illuminance (Pfleging et al., 2016) and gaze position related distortions on
pupil dilation (Hayes & Petrov, 2016; Hooge, Hessels, & Nyström, 2019). Aligning pupil
dilations to fixations on specific areas of interest (Klingner, 2010) could then allow for un-
derstanding what aspects of a scence are deemed goal-relevant. Of course, also many
endogenous factors affect pupil dilation at the same time (see 3.3), however, as pointed
out before (see 8.2), selection can be considered a key concept in many of them.

8.6 Future research

This thesis and its subcomponents may be seen as starting points for a number of future
investigations. While specific possible future investigations are outlined throughout the
discussion, larger lines of future research are given in the following.

Pupillary results presented in this thesis were consistently normalized with a similarly
assessed foregoing local baseline. Usually, and for the effects investigated here, phasic
pupil responses are in the center of the investigation. However, this approach tempts to
oversee the overall pupil dilation that also carries information about tonic activation. As
pointed out before (e.g. Aston-Jones & Cohen, 2005), both components can be associated
with different functions. And indeed, the baseline pupil dilation carries a lot of information:
E.g., pupil size at baseline level has been linked to differences between participants in
intelligence (Tsukahara et al., 2016) and differential pupil sizes at baseline level have
been associated with differential reaction times in perceptual decision-making (Schriver,
2020; van Kempen et al., 2019). Future reanalyses or investigations could thus use the
absolute pupil dilation at baseline as predictor in functional models as presented in this
thesis to investigate possible interactions with reported effects. Moreover, the baseline
pupil dilation could be related to behavioral outcomes or later effects on the pupil on an
individual trial level, possibly accounting for trial to trial variability.
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The framework proposed in Study IV suggests a sequential mechanism, including an up-
stream classification of stimuli as either goal-relevant or not with a subsequent further
evaluation. The temporal sequence of these effects is, in my opinion, a very interesting
question for the future. Hereby, physiological measures with a higher temporal and spatial
resolution could provide more insights. As of today, especially EEG-systems, making use
of very short latencies, could demonstrate whether the temporal order of effects is main-
tained. Furthermore, multichannel EEG could be used for investigating whether those
processes lead to activation in differential regions. Hence, here presented findings could
be extended by not only showing differential time courses of activation, but also potentially
differential areas of activation.

Not all cognitive concepts are clearly defined and testable in all components, which hin-
ders the creation of cumulative knowledge. Specific concepts, such as selection as
demonstrated here, may form part of larger phenomena, such as emotion. I believe that
cumulative knowledge on human cognition can be gathered by comparing and integrating
the central concepts of cognition: How do they relate? Where do they share components?
What components may be isolated? What distinguishes them? What concepts are old
wine in new bottles? In this thesis, I demonstrated how pupil dilation can be utilized for
making such comparisons and distinctions in the effect on pupil-linked arousal on the
example of selection and stimulus probability by using experimental techniques and multi-
factorial multilevel data analysis applied functionally. Similar techniques could be applied
to compare and investigate other concepts as well, finally allowing an integrated frame-
work that connects and distinguishes cognitive processes, possibly by assigning individual
components specific identifiers that could be employed across theories. Of course, this
would also need to take other dependent variables into account, such as behavioral mea-
sures.
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9 Conclusion

Subtle movements of the pupil can be highly informative about ongoing cognition. Can we
infer when an object is selected by the beholder by monitoring the pupil? If so, what infor-
mation may this provide on investigated cognitive processes and changes in pupil size?
In conjunction with our earlier works, Study I proposes that pupils might be indicative of
selection. This assumption was vindicated in Study II with pupils dilating more for targets
than for distractors. Further, this effect was robust to different exogenous factors affecting
the pupil at the same time. Extending the view to endogenous factors on pupil sizes, in
Study III, we assessed how self-relevant stimuli not related to an ongoing task would affect
pupil sizes. When being presented with different names, the own name elicited a stronger
pupillary response than other names, suggesting an effect of self-relevance on pupil dila-
tion. This effect was more pronounced under inhibition, suggesting that such stimuli are
hard to inhibit. In Study IV, effects of selection were systematically investigated together
with effects of stimulus probability (oddball effect), which can be assumed to take an inter-
mediate role between exogenous and endogenous factors. Results demonstrated that the
selection of goal-relevant stimuli is a distinct part of the oddball effect, more specifically, it
is a necessary precondition for effects of stimulus probability to emerge in pupil dilation.
Combining these findings with results of experiments and analyses first reported in this
thesis, I conclude that the selection of stimuli is associated with a larger pupil size than
rejection; an effect that is robust to exogenous factors on pupil sizes and does not vanish
under the endogenous factors tested. Does this mean that we can infer whether a person
wants to get on an arriving bus while standing at the bus stop or what letter a person
wants to type, simply by looking at the pupils alone? While effects were highly consis-
tent on the participants’ level, they were not consistently enough for inferring intent in a
quasi-deterministic manner on a single trial level. The effects presented here are thus not
sufficiently informative for end-user applications as of today, but they demonstrate the sub-
stantial capabilities of changes in pupil size for investigating a most central (sub-)process
to various cognitive concepts in basic and applied research: selection.
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Abstract. The use of gaze promises fast and smart user interaction. Mim-
icking human gaze interaction, we suggest a framework based on the vision 
of integrating fixations, pupil size, and microsaccade dynamics. Recent 
work has shown that fixations can be differentiated between focal and am-
bient, where the former are important for further decisional processes, and 
the latter are rather used for orienting. Psychophysiological measures sug-
gest that pupil dilation and microsaccades can reveal user intention in real 
time. We propose a selection mechanism that takes into account microsac-
cades and pupil diameter changes but only within focal fixations. 

1. Introduction: the Power of Gaze 
Gaze is one of the central means for human-human interaction. The vision 
for including gaze in human-computer interaction (HCI) is making the in-
teraction smooth, natural, adaptive, and smart. Enabling gaze-based HCI 
thus requires an understanding comprising all factors involved in human-
human gaze communication. In the following, we forward some ideas of 
how to integrate current knowledge of gaze behaviour with a framework 
integrating knowledge about fixations, pupil dynamics, as well as about 
motion dynamics (i.e., saccades and microsaccades). 
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2. Interacting via Focal Fixations 
Gaze behaviour provides observers information about our moment-to-
moment point of attentional interest and focus. Despite various suggestions 
for selection by gaze, dwelling on an object is still the most common ap-
proach. 

There is a large body of literature relating fixation duration and cognitive 
and emotional processes. For example, a longer fixation duration can indi-
cate depth of cognitive processing and problem-solving (Jacob and Karn, 
2003; Eivazi and Bednarik, 2011). Just and Carpenter’s (1976) eye-mind 
assumption states that gaze remains fixed on the stimulus so long as it is 
being processed. More recent studies show the active role of attention in 
constructing a decision (Krajbich et al., 2010; Shimojo et al., 2003). 

The dynamic pattern of visual attention is very often, in different models, 
attributed to two modes of information acquisition, referred to as, e.g., ex-
ploring and inspecting (Velichkovsky et al., 2005), orienting and evaluating 
(Ingle, 1967). In all those models the first stage is related to ambient atten-
tion, which serves mainly for orientation within the visual scene, and the 
second stage is related to focal attention, suggesting deep information pro-
cessing with high attentional processes involved (Trevarthen, 1968). Veli-
chkovsky et al. (2005) related these two stages of information processing by 
fixation duration and saccade amplitude. Short fixation durations combined 
with long saccades are characteristic of ambient processing, while longer 
fixation durations followed by shorter saccades are indicative of focal pro-
cessing (Unema et al., 2005). More recently, Krejtz et al. (2016) combined 
fixation duration and saccade amplitude giving the 𝒦𝒦 coefficient, capturing 
the interplay of ambient and focal modes of visual attention as the single 
values string. 

We posit that detection of ambient/focal fixations serves as a good first step 
for inclusion of additional indicators of decision-making. To our knowledge 
such an approach has not yet been explored previously in gaze-based hu-
man-computer interaction studies. 

3. Interacting via Pupil Dynamics 
Pupil diameter is a psychophysiological measure that may reveal much 
more about a user than just luminance or visual acuity, since it also changes 
in response to mental and attentional processes, as described by Bumke 
(1904). Hess and Polt (1964) rediscovered the indicative function of pupil 
size during mental problem-solving. Based on this finding, it is even possi-
ble to deliberately enlarge pupil diameter given that biofeedback is provid-
ed, opening a possible input to HCI (Ehlers et al., 2016). Today, beyond 
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mental effort, many more factors are thought to influence pupil diameter, 
including attentional processes (Einhäuser et al., 2008), covert attention, 
which can also be used for gaze based input (Mathôt et al., 2016), decision 
making, emotional arousal (Ehlers et al., 2016), and visual target detection 
(Privitera et al., 2010). 

When comparing different map tasks employing the pupil, Kiefer et al. 
(2016) report the largest increase in pupil diameter during search tasks and 
focused search tasks. However, pupil dilation may not only reveal the kind 
of spatial task performed, but even predict its outcome: Privitera and col-
leagues found the pupil dilates when subjects fixate targets in visual search. 
Pupil dilation was observed even when subjects fixated but did not con-
sciously recognize the target (Privitera et al., 2010). Moreover, the pupil 
diameter reportedly reflects binary decisional processes, even to the extent 
that their outcome is connected to a certain pupil dilation. In this context, 
de Gee et al. (2014) describe a larger pupil dilation accompanying decision 
for “yes” compared to decisions for “no”. However, by manipulating certain-
ty during perceptual choice tasks, Urai et al. (2017) reported significantly 
larger pupil dilation after erroneous rather than correct choices and smaller 
dilations after correct decisions based on strong evidence. 

Pupil diameter may reveal the user’s intention during, after, and perhaps 
even before a decision is made. While finding a target is consistently linked 
to a larger pupil dilation in visual search tasks than fixations on irrelevant 
parts of a scene, findings for decision paradigms are less consistent. While 
it is claimed that a positive decision leads to a larger dilation than a nega-
tive decision, this relationship may be affected and even reversed depend-
ing on the level of uncertainty. Bednarik et al. (2012) examined the role of 
pupil diameter changes in an off-line machine learning investigation of eye 
tracking data when selecting, but reported only a moderate classification 
performance. Strauch et al. (2017) revisited this question by assessing di-
ameter changes accompanying object selection in a gaze-based interface. 
Blink-filtered pupil dilation emulated selection on-line when diameter ex-
ceeded a critical threshold. Taken together, pupil dilation may be a promis-
ing factor for gaze-based interaction augmenting fixational information. 

4. Incorporating Microsaccades 
Microsaccades are small movements of the eye made during fixations. Their 
primary role is said to be maintaining visibility by constant stimulation of 
retinal photoreceptors to generate a stable image (Martinez-Conde et al., 
2009). Microsaccade rates may be moderated by both perception and cog-
nition reflecting top-down and bottom-up processes (Engbert, 2006; Lau-
brock et al., 2005). 
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In the context of decision making, Privitera et al. (2014) conclude that mi-
crosaccade rate is highest during fixations on a desired target. Several stud-
ies show the role of the Locus Coeruleus (LC) in decision making and its 
link to pupil dilation e.g., Einhäuser et al. (2010). The Superior Colliculus 
(SC) is known to be involved in microsaccadic eye movement generation 
(Hafed et al., 2008; Otero-Millan et al., 2008), and is in turn linked to LC, 
indicating correlation between pupil dilation and LC activation during dis-
criminant decision making. Microstimulated or spontaneous activity of the 
LC is followed by pupil dilation with a short latency (Siddhartha et al., 
2016). 

Combining and comparing pupil diameter with microsaccades seems ap-
pealing: measures of attention and decision in particular and arousal in 
general could be made more reliable. Variations as a result of factors selec-
tively confounding microsaccades or pupil diameter could be reduced and 
the general understanding of cognitive processes could as well be improved 
as applications might benefit from fast and specific information on LC ac-
tivity. 

5. Vision: Total Gaze for Interaction 
The envisioned concept combines focal fixations with pupil and eye move-
ment dynamics, namely saccades and microsaccades. Our proposed multi-
layer selection mechanism first determines whether fixations are focal or 
ambient. If the fixation is focal, psychophysiological indicators of intention 
should be tracked as a next step. We argue that alterations in pupil size and 
in microsaccade rate and magnitude are interesting in this regard. If critical 
thresholds are exceeded for any of these indicators, other selection mecha-
nisms, e.g., dwell time could be dynamically adapted by a weight that is 
individually assigned to the psychophysiological measures, depending on 
their contribution to intention recognition. This proposed mechanism is 
presented schematically in Fig. 1. 

Potential applications include gaze-based recommender systems which are 
designed to respond with information contingent on the viewer’s gaze, e.g., 
for geographic or location-based services, when directed to a specific point 
in physical or virtual space. Such gaze-based recommender systems have 
been referred to as gaze-informed location based services (Anagnostopoulos 
et al., 2017). As an example of a higher-level attentional approach useful in 
such a system, we propose to utilize one as demonstrated by Krejtz et al. 
(2014) showing the utility of 𝒦𝒦 during visual search over different geo-
graphic representations of two cities. 
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Figure 1. Envisioned selection mechanism based on a combination of psychophysiological 
indicators. 
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Pupil dilation but not microsaccade 
rate robustly reveals decision 
formation
Christoph Strauch  , Lukas Greiter & Anke Huckauf

Pupil dilation, an indicator of arousal that is generally regarded as unspecific, amongst others reflects 
decision formation and reveals choice. Employing letter selection in a Go/NoGo task, we show that 
choice can robustly be predicted by the pupillary signal, even under the presence of strong interfering 
factors such as changes in brightness or motor execution. In addition, a larger difference in pupil dilation 
between target and distractor conditions for NoGo compared to Go was demonstrated, underlining 
the particular appropriateness of the paradigm for decision research. Incorporating microsaccades, a 
variable that is suggested to covary with pupil diameter, we show that decision formation can only be 
observed in pupil diameter. However, microsaccade rate and pupil size covaried for motor execution 
and both reflected choice after key press with smaller effect size for microsaccade rate. We argue that 
combining pupil dilation and microsaccade rate may help dissociating decision-related changes in pupil 
diameter from interfering factors. Considering the interlinked main neural correlates of pupil dilation 
and microsaccade generation, these findings point to a selective role of locus coeruleus compared to 
superior colliculus in decision formation.

Variations in pupil diameter, at constant brightness and viewing distance, are a popular but unspecific indicator 
of cognitive1 and affective processing2–5. Pupil diameter reportedly tracks the activity of noradrenergic locus 
coeruleus (LC)6–11. The hereby modulated arousal level might thus contribute to the covariation of various men-
tal processes and pupil diameter. Decision making has been investigated by means of pupillometry in several 
tasks5,7,9,12–18. It was found that pupils dilate stronger when deciding for “yes” than for “no” in a signal detection 
task, likely reflecting the accumulation of information until a response criterion is reached18,19. Furthermore, 
manual responses could be predicted, suggesting that pupil dilation not only reflects choice, but also the foregoing 
decision formation12,19. Given the low specificity of pupil diameter, it remains doubtable whether decision for-
mation and choice can still be identified in the presence of several other factors. This is especially the case in the 
presence of factors producing considerably larger effects like, for example, brightness changes. Two approaches 
might serve for compensating the missing specificity; firstly, one might disentangle interfering effects, or, sec-
ondly, one might add a further variable. Both approaches were pursued by examining pupil responses in a deci-
sion task including strong interference factors such as a sudden change in brightness, a key press, a tone, and four 
directions of incoming saccades while simultaneously tracking microsaccade rate.

Pupil size and microsaccade rate respond to similar psychological phenomena even when stimulus mate-
rial is kept constant regarding its sensory and spatial characteristics: Two recent investigations combined pupil 
dilation and microsaccade rate in the context of visual search and found an overlap in results between the two 
variables20,21. Similarly, in an oddball paradigm, it is claimed that microsaccade rate might change differentially 
for odd stimuli in comparison to other stimuli22,23, while it has been reported that pupil dilation is also affected by 
the oddness of a stimulus8. Another psychological phenomenon that is linked to changes in pupil diameter and 
microsaccade rate is cognitive load24,25. Here, higher workload is associated with larger pupils and a lower rate 
of microsaccades25. Moreover, also neural correlates of pupil dilation, locus coeruleus (LC), and of microsaccade 
rate, superior colliculus (SC), are reported to be closely connected8,18,26. Correspondingly, in animal experiments, 
microstimulation in the SC and in the LC is associated with pupil dilations6,26. Interestingly, despite finding a 
close correlation of activity in brainstem nuclei, also including LC and SC, only activity in LC, but not in SC pre-
dicted changes in decision bias during evidence accumulation for decision making18. Therefore, during decision 
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formation, pupil diameter but not microsaccade rate might be modulated. However, after deciding, effects could 
be visible in both pupil dilation and microsaccade rate.

Pupil diameter and microsaccade rate are variables that have been separately employed in hundreds of 
investigations into psychological phenomena that are partially similar. However, both dependent variables are 
hardly conjointly investigated for several psychological factors; a gap in existing research that we aim to close. 
Besides this methodological contribution, we deepen the fundamental understanding of binary decision mak-
ing and investigate the robustness of the effects of choice on pupil diameter in the presence of strong interfer-
ing variables. By combining these two ideas, application scenarios for pupil diameter and microsaccade rate in 
human-computer interaction could emerge, e.g. prediction of user intention27.

Results
Participants had to either select or reject letters during fixating a central square (Fig. 1). During a trial, partici-
pants had to firstly fixate an outer square and then saccade to the center. Upon fixation of the central square, a 
letter appeared. The letter either matched (=target) or mismatched (=distractor) the next letter in the word to 
be written and presented above. This operationalization for choice carries the advantage of physically identical 
stimulus material that only differs in the assigned meaning. In half of the trials, the screen abruptly turned dark 
while saccading to the central square. At the same time, for half of trials, a tone either prompted participants to 
press (=Go) or not to press a key (=NoGo) to indicate whether the presented letter was correct or not. Trials were 
presented in random order, distractors and targets were equally likely to appear.

Pupil diameter reacts to many variables, but robustly reveals decision formation and choice.  
Pupil data were blink-filtered and subsequently baseline-corrected. Individual trials were averaged to 
condition-average signal courses within subjects. Differences in signal courses between conditions were calculated 
for each subject. These curves were then aggregated to grand mean dynamics. Confidence intervals were calcu-
lated over these grand mean dynamics for each data point (functional confidence intervals) to a False-Discovery 
Rate (FDR) corrected α = 0.05. For differences between conditions, a statistically significant effect is indicated 
whenever zero is not contained in the confidence interval. As Fig. 2A shows, there was an expected strong influ-
ence of the investigated factors (constant/reduced brightness, with/without key press). However, the direction of 
the incoming saccade did not lead to significantly different pupil courses, apart from the saccade going down-
wards. Still, this might be convoluted due to the target-word that has been written above (Fig. 1). In Fig. 2B, 
the average pupil dilation following letter fixation is displayed for target and distractor conditions in Go- and 
NoGo-trials, as well as in the two background brightness conditions respectively. It is discernible that target letters 
led to a descriptively larger pupil dilation compared to distractor letters in all corresponding configurations of 
brightness and key press. This difference is illustrated for all four conditions respectively (Fig. 2C NoGo, constant 
brightness, Fig. 2D Go, constant brightness, Fig. 2E, NoGo, reduced brightness, Fig. 2F Go, reduced brightness). 
In all conditions, functional confidence intervals revealed a significantly larger pupil dilation for targets than for 
distractors, albeit for slightly varying durations and magnitudes. This descriptive pattern was found for most, but 
not all subjects (Supplementary Fig. S1). While the presence of a tone led to a significantly larger pupil than no 
tone for about 300 ms, no interaction with choice could be observed (Supplementary Fig. S2).

T  U  R  M
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Target word was constantly 
displayed at the central upper 
rim. Already typed le	ers turned 
dark.

One of four peripheral squares 
had to be fixated to start a trial.

Background brightness remained 
constant or turned dark during 
saccading to the central square.

Matching (=target) and non-mat-
ching le	ers (=distractor) were 
presented in the central square.

A key press (Go-trial) was 
indicated by a tone or the 
absence of a tone, each for half 
of the parcipants.

Le	ers were typed or rejected 
a�er 3 s of dwelling, if Go/NoGo
task was answered correctly.
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Figure 1. Events in the letter selection task.
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Modeling pupil data suggests fast and robust differentiation of target and distractor. Pupil 
courses suggest a reliable differentiation between target and distractor even faster than 1.5 s. In order to account 
for the multifactorial design, a linear mixed model (LMM) was calculated for 0.5 s, 0.75 s, 1 s, 1.25 s, and 1.5 s 
after letter onset. Hereby, main effects and their interactions on pupil diameter can be retrieved. Table 1 depicts 
the best fitting linear mixed model. The predictors revealed differential and partially transient influence on pupil 
diameter. Explained variance increases over time and peaks at 1.5 s, with a R2 of 0.622. Furthermore, a functional 
LMM was calculated for key press, brightness, and choice for all data points of the three seconds of stimulus pres-
entation, which is visualized in Fig. 3. As can be seen, the intercept, brightness, key press, choice, and the inter-
action between key press and brightness reveal highly significant differences in pupil diameter. At the same time, 
the interactions for brightness and choice, as well as choice and key press are mostly not significant. Of course, 
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Figure 2. Stimulus-locked pupil data. (A) Changes in pupil diameter for constant brightness condition (light 
gray), reduced brightness condition (black), Go- (green), and NoGo-condition (orange). (B) Pupil diameter 
for target-trials (blue) and distractor-trials (red) show that pupil always responded stronger when targets were 
present. This effect could be monitored under both brightness conditions (upper four lines: reduced brightness) 
and irrespective of the Go/NoGo task (Go: solid lines, NoGo: dotted lines). (C–F) Differences between target 
and distractor together with functional confidence intervals. If zero is not contained in the CI, changes are 
significantly different to a FDR-corrected α = 0.05. All conditions showed clearly significant differences 
between target- and distractor-trials. (C) Constant brightness, NoGo. (D) Constant brightness, Go. (E) Reduced 
brightness, NoGo. (F) Reduced brightness, Go.

Predictors 0.5 s 0.75 s 1 s 1.25 s 1.5 s

Intercept 0.041 0.013 0.010 0.002 −0.034

Brightness 0.113 0.337 0.467 0.546 0.628

Key press 0.012 0.062 0.150 0.239 0.219

Saccade direction 0.58 0.136 0.166 0.183 0.200

Choice 0.019 0.070 0.092 0.093 0.086

Tone 0.005 0.039 0.044 0.057 0.032

Key press*choice −0.011 −0.022 −0.039 −0.035 −0.055

Brightness*choice −0.004 −0.041 −0.083 −0.118 −0.042

Brightness*direction −0.031 −0.052 −0.062 −0.059 −0.033

R2 0.314 0.503 0.574 0.604 0.622

Table 1. Unstandardized predictors of a linear mixed model (LMM) for pupil dilation for five time intervals 
after letter onset. Bold numbers indicate statistical significance of predictors to α = 0.05 level (Bonferroni 
corrected). Only downwards saccades differed from all other directions for the factor saccade direction.
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here partially very low p-values should not be over interpreted, but rather treated as being beyond a threshold of 
p = 0.001. However, they also give an impression of the effect sizes at hand.

Pupil dilation predicts which key will be pressed. In Go-trials, subjects needed an average of M = 1.07 s 
(SD = 0.15 s; average fastest reaction time per participant M = 0.68 s, SD = 0.06 s) to press the correct key. Only 
four trials were answered faster than 0.5 s across all subjects. Comparing average reaction times in Go-trials with 
predictors in Fig. 3 suggests that pupil diameter revealed earlier than the key press whether a target or a distractor 
letter was presented. Figure 4A illustrates pupil diameter changes response-locked to the key press for Go-trials 
in target- and distractor-conditions. Pupils dilated stronger for target- than distractor-letters, even before subjects 
were capable of responding overtly. In Fig. 4B, the functional confidence intervals indicate a significant differ-
ence between target and distractor starting from 400 ms prior to key press. The magnitude of the difference for 
these Go-trials was approximately of similar magnitude as for NoGo-trials (Fig. 2C,E). Reaction times for target 
(M = 1.08 s) and distractor trials (M = 1.05 s) significantly differed as shown by a paired samples t-test (p = 0.005, 
t(29) = 2.99). Still, the difference of 30 ms in reaction time would have been too small to fully account for the 
difference of 400 ms between target and distractor conditions.

Microsaccade rate does not predict choice but indicates a key press. Microsaccades could be 
analyzed for 26 out of 30 subjects, due to a low sampling rate for the remaining 4 subjects. Microsaccade rate 
is illustrated in Fig. 5A for target and distractor in Go/NoGo conditions respectively. Typically for microsac-
cade rate, an initial suppression was found shortly after letter onset, followed by a transient higher probability 
of microsaccade occurrence23,28–30. Figure 5B shows that microsaccade rates did not differ between both levels 
of brightness. Also, the tone did not affect microsaccade rate significantly (Supplementary Fig. S3), still descrip-
tive changes correspond to earlier significant findings31. In Fig. 5C, the difference in microsaccade rate between 
Go- and NoGo-trials is illustrated, while Go-trials are associated to a higher rate around the time of key press, 

Figure 3. Functional p-values (FDR-corrected) of a functional linear mixed model (LMM) wih the factors 
brightness, key press, choice, and their interactions. The dashed line indicates p = 0.05. Functional p-values 
reveal highly significant effects for brightness, key press, choice, and the interaction of brightness and key press, 
but only a short significant interaction for brightness and choice, and no significant effect for the interaction of 
choice and key press.

A B

Figure 4. (A) Response-locked pupil dilation (Go-trials; blue: target, red: distractor). (B) Differences between 
target and distractor for the same trials as in A in conjunction with functional confidence intervals. If zero is not 
contained in the CI, changes are significantly different to FDR-corrected α = 0.05. Pupil diameter in target and 
distractor conditions were significantly different from 400 ms prior to key press.
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this difference is not significant. Target and distractor did not differ overall (Fig. 5D). Figure 6A depicts micro-
saccade rate in Go-trials locked to the key press for target and distractor conditions. Although a clear increase 
in microsaccade rate can be found for Go-trials starting approximately 600 ms before the key press, there was 
no significant difference between target and distractor before key press. However, there was a significantly lower 
microsaccade rate observed for targets compared to distractors about 1.7 s after key press. Therefore, in contrast 
to the pupillary signal, while the microsaccade rate could predict pressing a key, it could not predict the choice of 
the key (target vs. distractor; Fig. 6B). Still, traces of choice were visible in the microsaccade rate with a lag when 
a key had been pressed. When aligning pupil responses to microsaccades that occurred during trials, no direct 
modulation of pupil diameter prior or post microsaccades was visible, but an overall positive trend, which likely 
reflects the increasing trend throughout trials (Supplementary Fig. S4).

Discussion
By means of a letter selection task including Go/NoGo-trials, we investigated whether and how robust decision 
formation and the outcomes of a binary decision process can be revealed by analyzing pupil diameter. Further, we 
assessed microsaccade rate as a covariate in order to deepen the understanding of commonalities and differences 
in relation to pupil dilation.

Target and distractor letters could be distinguished by larger pupils for target compared to distractor letters in 
all conditions, that is, with constant and with changing background brightness, with key press and without. Pupil 
serves mainly as the aperture of the eye and therefore strongly reacts to changes in brightness, as demonstrated 
here, with latencies less than 250 ms32. Nevertheless, differences in pupil diameter between target and distractor 
conditions could be shown in both brightness conditions. Descriptively, the slopes for the choice effect differed 
between constant and reduced brightness (Fig. 2C–F). Accordingly, the functional LMM reveals a shortly signifi-
cant interaction at this time (Fig. 3). The descriptively differential patterns in the pupil diameter courses between 
participants might be due to their idiosyncratic decision making strategies19 (Supplementary Fig. S1).

It has been shown that motor execution like pressing a key leads to a considerably dilated pupil even before 
executing the movement itself5,9,33. Accordingly, the key press had a clear effect on absolute pupil diameter and 
interacted with the effect of choice. Data replicated overall larger pupil dilations for trials with key press13. In 

Figure 5. Stimulus-locked microsaccade data. (A) Microsaccade rate over time for target (blue), distractor 
(red), for Go-(solid lines) and NoGo-trials (dotted lines) respectively. (B–D) Differences in microsaccade rate 
with functional confidence intervals. If zero is not contained in the CI, changes are significantly different to 
FDR-corrected α = 0.05. Microsaccade rate did not differ significantly between target and distractor, brightness 
conditions, and between Go and NoGo.

BA

Figure 6. (A) Response-locked microsaccade rates (Go-trials; blue: target, red: distractor). (B) Differences 
between target and distractor for the same trials as in A in conjunction with functional confidence intervals. If 
zero is not contained in the CI, changes are significantly different to FDR-corrected α = 0.05.
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contrast to existing research, the difference between target and distractor emerged stronger for NoGo-trials 
(Fig. 2 and Table 1). This finding might be explained by processes of inhibition34 or by a convolution of pupil data 
by the motor execution33,35 that took place at different times for the Go-trials. The latter assumption is supported 
by response-locked pupil data (Fig. 4).

Yet existing studies either involved visual target detection where no corresponding distractor stimuli were 
provided20,21, decisions were linked to a motor response in all trials18,19, or a key press was systematically necessary 
in one part of the experiment but never in another13,20. As to our knowledge, we are the first showing differential 
pupil sizes for target and distractor conditions, that only differed regarding their task-induced meaning, which 
had to be indicated after being prompted in half of trials. In contrast to yet existing data, we found larger deci-
sion effects for trials without key press than for trials with key press. Larger effects for key press conditions have 
repeatedly been explained by diminished involvement and motivation of participants for trials with no necessity 
for overt responses13,20,36. Other than in common experimental investigations on binary decision making without 
necessary key press so far, decisions in our everyday lives have a direct impact on ourselves with meaningful con-
sequences. By shaping trials challengingly short, but long enough to monitor effects on pupil dilation, and making 
errors meaningful (i.e. incorrect words had to be “retyped” and prolonged the experiment), we sustained a high 
motivation and involvement of participants throughout all conditions. Hence, we conclude that our paradigm is 
particularly well suited for investigating decisional processes with eye-tracking.

In addition, pupil sizes have been supposed to respond to the direction of the incoming saccade37. All direc-
tions of incoming saccades led to similar pupil dilations with only downward saccades deviating. Modeling pupil 
diameter showed a significant interaction of saccade direction and brightness until 1.25 s (Table 1). We thus par-
tially replicate findings on differing pupil diameter depending on the direction of the incoming saccade37. Since 
the starting point of the downward saccade also coincides with the position of the target word (and thus also 
with a slightly different brightness), we argue to treat this result carefully (Fig. 1). Hence, the effect of brightness 
and downward saccades on pupil diameter might be subject to future investigations. Moreover, pupil dilation is 
reflecting the orienting response26,29, which should partially account for the intercept in the linear mixed models 
depicted in Table 1. Given that the intercept was not significant for these data points, it can be assumed that the 
orienting response did not affect pupil diameter beyond the here defined statistically significant level.

For Go-trials, pupil diameter not only significantly predicted whether a key was pressed33,35, but also which 
response (select or reject) was given, as soon as 400 ms before key press. This replicates the finding of de Gee et al.19  
of a larger pupil dilation for “yes”-choices, but in a different experimental paradigm that required higher cognitive 
functioning, i.e. deciding on a letter’s concordance to a target word. Given that simple reaction times, comprising 
stimulus detection and motor execution, take about 250 ms38, motor execution itself should not take substan-
tially longer. Considering significantly different pupil sizes for target and distractor letters already from 400 ms 
before the key press in this experiment, our findings support de Gee et al.’s assumption of an indicative role of 
pupil diameter even during decision formation19. Taken together, this investigation highlights the potential of 
pupil diameter for investigating possibly preconscious decision formation as suggested before19,39. In this way, the 
predictive character of pupil diameter could be employed to reveal intention in real time, e.g. to enable fast and 
intuitive selection27,40,41.

Microsaccades, the fastest and largest of the fixational eye-movements42 were additionally investigated. 
Spontaneous microsaccade generation is described to range between 1 Hz and 2 Hz23,43. Similar to changes 
in pupil diameter, changes in microsaccade rate are linked to both top-down processes (i.e. cognition) and 
bottom-up processes (i.e. perception). In this experiment, microsaccade rates showed the typical course of sup-
pression with a subsequent higher rate23. Here, the higher rate of microsaccade occurrence was found to be longer 
than in most other studies (Fig. 5A). The first decrease in microsaccade rate could signal both an ongoing decision 
process and an orienting response29. Microsaccade rate for target and distractor conditions, however, showed no 
differences overall (Fig. 5D). Still, when response-locking microsaccade rates, a significant effect of choice was 
monitored, with lower microsaccade rates for targets after about 1.7 s (Fig. 6B). Moreover, microsaccade rate has 
been shown to respond to odd stimuli in oddball tasks and can thus be considered as useful when investigating 
decision-making with rare targets22,23 or with visuospatial cues44. A sudden change in brightness, as well as a 
key press did not alter microsaccade rate for the stimulus-locked data (Fig. 5B,C). Decision making has been 
investigated using pupil dilation and microsaccade rates before; still, often microsaccade rate has been given as 
an additional proof for the validness of fMRI results, but has not been investigated more closely18,20,21,45. To our 
knowledge, pupil dilation and microsaccade rate in decision making have not been purposefully investigated 
before with physically identical targets and distractors, which only differed regarding their task-induced meaning. 
Our data imply that changes in microsaccade rate, which have previously been attributed to processes of decision, 
might at least partially be due to motor execution20,45.

Investigating a possible connection between microsaccade rates and pupil dilation by aligning pupil diameter 
to microsaccades did not reveal a clear coupling of microsaccades and a specific pupil response (Supplementary 
Fig. S4). We therefore assume, that a link between microsaccades and pupil dilation should be reflected in the 
overall microsaccade rate rather than in unique microsaccade events. When comparing microsaccade rates with 
pupil diameter courses, we found significant differences between target and distractor conditions for pupil diam-
eter, but not microsaccade rate prior and during the key press. When response-locking pupil courses (Fig. 4A) 
and microsaccade rates (Fig. 6A), a clear indicative role for the timing of the key press became evident, which was 
also suggested in previous research33,43,46. Thus, microsaccades and pupil dilation both indicated an upcoming 
key press (Figs 4A and 6A). However, as assumed, the outcome of the decision could be predicted on the basis of 
pupil diameter (Fig. 4B), but not on the basis of microsaccade rate (Fig. 6B). Still, response-locked pupil dilation 
and microsaccade rates show corresponding results after choice, although there is a considerable lag and much 
smaller effect size for microsaccade rate compared to pupil dilation. This effect is in accordance with recent data 
investigating the predictive potential of LC- and SC-activity in a decision task18 and highlights the role of LC or a 
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close correlate of LC but not SC for decision making. As pupil diameter and microsaccade rate covary for the key 
press, we argue that the joint investigation of both variables may help dissociating effects in pupil diameter from 
interfering factors.

Methods
Participants. 30 students of Ulm University, including author one and author two participated in the study 
(MAge = 25.13; 16 female). Subjects took part on a voluntary basis after written informed consent was obtained; 
all subjects had normal or corrected to normal vision. The experiment was approved by the Ethical Board of Ulm 
University. All methods were performed in accordance with relevant guidelines and regulations. All subjects gave 
informed consent for taking part in the experiment.

Task. The experiment was presented on a 27-inch screen (resolution set to 1920 × 1080 px, 144 Hz), located 
in a viewing distance of 60 cm to eye position. The participants’ task was to type words by gaze throughout the 
experiment. Participants were presented with a central quadractic shape of 4.5 degree visual angle edge length in 
addition to a similar colored shape of the same size at an eccentricity of 4.5 degree visual angle either upwards, 
downwards, leftwards or rightwards to the central object. Subjects were instructed to first fixate the peripheral 
object and then to saccade to the central shape. If the outer shape had been fixated before, a letter appeared in the 
central shape. The letter was highlighted with a dark blue or red frame around the shape after 3 s. Whenever sub-
jects did not maintain their gaze position for the full 3 s within the central shape, the trial restarted with another 
either correct or incorrect letter to prevent a possible gaze-position-related confounding in the pupillary signal. 
At the upper rim of the screen, one out of 16 neutral words with four letters was constantly presented. Hereby, 
typed letters were written in black whereas not yet entered letters were displayed in gray. The letters presented in 
the middle of the screen either matched (=targets) the next letter of the word displayed above or not (=distrac-
tors) and were of equal probability to appear. When a target was selected, the respective letter in the target word 
turned black, hereby the next relevant letter was indicated.

In half of trials, a sinewave tone of 440 Hz was presented for 200 ms when saccading to the central shape. This 
tone prompted subjects to press a key indicating whether the displayed letter was correct (right arrow key) or not 
(left arrow key). Whether a key press had to be performed in response to the tone (subjects 1–15) or in response 
to no tone (subjects 16–30) was balanced across subjects. Moreover, background brightness was varied, i.e. in half 
of trials, illuminance at eye position was kept constant (60 lx), whereas the background turned dark in the other 
half of trials, leading to an illuminance of 20 lx at eye position, when saccading to the center. All conditions were 
presented in full random order. Once the full word was completed, the next randomly chosen word out of the still 
remaining words was displayed in gray until all words had been typed and the experiment ended. Otherwise, the 
experiment ended after 25 minutes.

Preprocessing gaze data. Gaze was tracked at 500 Hz using a SMI iView X HiSpeed 1250 eye tracker in 
a brightness controlled laboratory after a nine point calibration and four point validation provided by the man-
ufacturer was performed (www.smivision.com). Trials with a total duration of blinks longer than 200 ms were 
excluded from analyses. Blinks shorter than 200 ms were removed from the pupillary data using an algorithm 
that uses the physiological limits of changes in pupil diameter as a threshold for blink detection and then inter-
polates these blinks47, which we adapted to the 500 Hz sample rate. In a comparable experimental design37, it 
was suggested to use the middle of the incoming saccade to a central object as baseline. We chose ten data point 
equaling 20 ms oriented at the middle between activation box and the central box as approximation (as saccades 
of this length should take 40 ms)48. Baseline was subtracted from every following data point for the subsequent 3 s. 
However, for predicting key presses (illustrated in Fig. 4), baseline was set to one second before key press, aiming 
to control for the variance added to the pupillary signal by the key press (see Fig. 2A). Response-locked pupil 
diameter showed no significant difference (t(29) = −1.07, p = 0.29) at baseline between target and distractor con-
ditions (target: M = 3.81, SD = 0.48; distractor: M = 3.82, SD = 0.48). Signal trends may affect the overall results of 
pupillometric investigations if significant changes to the baseline are interpreted as consequence of experimental 
manipulations, while they originate in an overall signal trend. We compared experimental conditions that were 
presented in randomized order to preclude this problem. Moreover, no overall increasing or decreasing signal 
trend was found for pupil diameter when comparing the average second minute (M = 3.68, SD = 0.49) with the 
average second last minute (M = 3.60, SD = 0.45) of each participant in the experiment with a paired samples 
t-test (t(29) = 1.54, p = 0.134).

Gaze data were classified into saccades, blinks, and fixations using SMI event detector with a minimum 
fixation duration set to 22 ms. For fixations, microsaccades were detected using the algorithm by Engbert and 
Kliegl43, with recently suggested improvements49–51 (Supplementary Fig. S5 for further details on the algorithm). 
Thresholds for velocity based microsaccade detection were determined only for fixations in the screen center. 
Microsaccades were accumulated in a moving window of 200 ms. This accumulated number of microsaccades 
was then divided by the accumulated time spent fixating during the same 200 ms.

For further analysis, pupil and microsaccade data were subsequently downsampled to 50 Hz. Data were 
then aggregated to form individual mean dynamics for each subject in each condition. These were subsequently 
aggregated to grand means and confidence intervals. Functional confidence intervals were chosen as main sta-
tistical visualization, given that they take the full temporal dynamics of the signals into account and prevent 
cherry-picking of specific intervals, which might result in an inflation of false positive results4,52. As multiple tests 
are conducted, the multiple comparison problem arises. Given the large number of tests performed here, a False 
Discovery Rate correction was chosen, which is applied in a wide variety of fields and has also been used before 
in pupillometric investigations9. Therefore, as Einhäuser et al.9, we applied a FDR correction to account for the 
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problem of multiple testing, using the Benjamini-Hochberg method53. Signal courses are based on grand means 
composed of individual subject-average courses, based on a total of n = 4412 trials.

Modeling. In order to estimate the effects of the different experimental conditions on pupil diameter over 
time, a linear mixed model (LMM) was calculated. A LMM was chosen to account for the nested structure of data, 
i.e. trials are nested in subjects and in conditions54. The model depicted in Table 1 was determined via stepwise 
AIC-based backward selection. The model depicted here for all time points was determined on the average pupil 
diameter for each trial in the interval between 0.5 s and 1.5 s after letter onset. Analyzes were performed using 
the statistical software R with lme4, lmerTest and MuMin packages54–56. Furthermore, a functional LMM was 
calculated for the factors brightness, choice, and key press, as well as their interactions (Fig. 3. In order to perform 
tests, degrees of freedom had to be estimated using Satterthwaite’s approximation, α = 0.05 was FDR-corrected56.

Data Availability
The datasets generated during and/or analyzed during the current study are available in the Open Science 
Framework repository, https://osf.io/kjrze/.
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ABSTRACT
Previous research suggests that self-relevant stimuli, such as one‘s
own name, attract more attention than stimuli that are not self-
relevant. In two experiments, we examined to which extent the
own name is also less prone to inhibition than other names us-
ing a Go/NoGo approach. The pupil diameter was employed as
psychophysiological indicator of attention. A total of 36 subjects
performed various categorization tasks, with their own name and
other names. Whereas in Go-trials, pupil dilation for own and other
names did not differ, in NoGo-trials, significant larger pupil dila-
tions were obtained for subjects’ own names compared to other
names. This difference was especially pronounced at larger inter-
vals after stimulus onset, suggesting that inhibitory processing was
less effective with one’s own name.
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1 INTRODUCTION
For eye-tracking research, pupil diameter offers fast information
retrieval due to low latencies in a continuous signal. Research in
the past years has made more and more use of the indicative poten-
tial of pupil diameter changes, which is appealing due to its high
temporal resolution to psychological activation [e.g. Wierda et al.
2012]. This phenomenon is described to be the result of pupil size
reflecting states of the vegetative nervous system in general and
sympathetic arousal in particular and correlates with activity in the
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Locus Coeruleus and the hereto connected norepinephrine-system
(LC-NE system) [Bradley et al. 2008; Joshi et al. 2016].

In respective studies, pupil size has been shown to be sensitive
to a lot of variables: Besides variations in brightness, pupil size
increases with motor actions like pressing a button [Richer and
Beatty 1987], increasing salience and relevance of stimuli [Bumke
1904], increasing mental effort [e.g. Hess and Polt 1964; Pfleging
et al. 2016], increased emotional activation [e.g. Ehlers et al. 2016],
or even increasing hunger [Pittino et al. 2016].

Most studies reported so far demonstrate larger pupils for any
variable of interest. However, there must also be some inhibitory
mechanisms preventing the activation to exceed certain limits. In
the current study, we describe an experimental paradigm enabling
to investigate both activating and inhibiting mechanisms. In addi-
tion, this study is the first to investigate pupillary responses on the
processing of one’s own name.

Related Work
To investigate the interplay between activation and inhibition,
Go/NoGo-tasks have often been applied since the early work of
Donders [1869, 1969]. These tasks usually require participants to re-
spond to a stimulus. Depending on a certain signal, e.g. the presence
or absence of a tone, responding must be suppressed (NoGo). The
underlying assumption is that inhibition of the already initiated
reaction can be studied in NoGo-trials. A lot of evidence on the
differential processing of Go- compared to NoGo-trials is available
from EEG research. Differences in the amplitude of event-related
potentials between Go- and NoGo-trials can usually be observed
200 ms to 300 ms after a critical event [e.g. Bokura et al. 2001; Ran-
dall and Smith 2011; Verbruggen and Logan 2008]. Although the
exact nature of the interaction between activating and inhibiting
processes in such tasks is still under discussion [Dagenbach and
Carr 1994; Gomez et al. 2007], a Go/NoGo-task can be regarded
as useful for the examination of the interplay of activating and
inhibiting processes.

An interesting finding also becoming visible in early ERP-data
is the difference between responses towards one’s own and to
unfamiliar names [Tacikowski et al. 2014]. Reactions towards one’s
own name have been shown to attract someones attention, as it
has been demonstrated in the famous studies on dichotic listening
[Moray 1959], referring this phenomenon of selective listening as
cocktailparty effect [Cherry 1953]. Playing one’s own name is also
reported to wake someone up during sleep more than an other
name and is reported to elicit differential early brain activation
[Höller et al. 2011; Oswald et al. 1960; Perrin et al. 1999]. Similarly,
personal pronouns relating to oneself (e.g. "mine") are associated
with preferential processing in comparison to pronouns referring
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Figure 1: Sequence of eventswithin one exemplary trial. The
taskwas displayed in the upper rim of the screen. A trial was
started by saccading from a peripheral square to the screen-
center. Upon fixation, a name was displayed. In Go-trials, a
tone required participants to respond via key press within 3
s from fixation onset. In NoGo-trials, no tone was presented
and the key press had to be inhibited during the 3 s of fixa-
tion. A correct (incorrect) response was indicated by a bold
green (red) frame around the central square.

to others (e.g. "his") [Blume and Herbert 2014; Herbert et al. 2011].
It is shown that the processing of self-relevant words is related to
changes in the P300 ERP component [Gray et al. 2004], which in
turn is linked to activity in the LC-NE system [Nieuwenhuis et al.
2005]. Taken together, there is strong evidence for early changes
in brain activity when hearing or seeing one’s own name or self-
related words in comparison with other-related words. This finding
is interesting for eye-tracking research, since it is well known that
pupil diameter covaries with activity in the LC-NE system, too, as it
has been shown in decision tasks [e.g. Alnæs et al. 2014; Einhäuser
et al. 2010; Preuschoff et al. 2011; Wierda et al. 2012].

In the current experiments, we investigated whether pupil di-
ameter might be suitable to examine self-relevance and can hereby
complement existing EEG-studies. In contrast to EEG, pupil size
can be sensed remotely, participants may swallow during measure-
ments and blinks become easily evident in the signal. Given that
brightness is held constant, pupil diameter can be filtered for blinks
reliably [e.g. Ehlers et al. 2014] and enables fast and remote data
collection [Dalmaijer 2014]. Based on existing observations, the
own name can be expected to go along with larger pupil responses
compared to unfamiliar names. Additionally, we examined the inter-
play of inhibition and activation in the pupil employing a classical
Go/NoGo-task in two experiments. In Experiment 1, Go- and NoGo-
trials were of equal frequency. Since especially NoGo-trials require
inhibitory processing and therefore are of special interest, we per-
formed a second experiment, in which NoGo-trials were three times
as frequent as Go-trials. Apart from that, Experiment 2 was an exact
replication of Experiment 1.

2 EXPERIMENT 1
2.1 Methods

Apparatus. Gaze and pupil size were tracked by a SMI iViewXHi-
Speed 1250 eye-tracker (SensoMotoric Instruments GmbH, Teltow).
Stimuli were presented on a 27-inch-screen (BenQ XL2720Z, 1920 x
1080 px, 144 Hz), positioned 60 cm from the subjects‘ eyes. Chin
rest and forehead support ensured a static position of the subjects‘
head. Ambient lighting was constantly at 15 lx.

Design and Procedure. The sequence of the task is illustrated in
Figure 1. Participants were presented with a square shape of 300 px
edge length displayed in the center of the screen. In addition, a
square of 150 px edge length was presented either leftwards or
rightwards to the central square at the beginning of each trial. Sub-
jects had to fixate the peripheral square first and then saccade to the
central square in order to activate the appearance of a name inside
the square. Above the central square, one out of six categorization
tasks was displayed, instructing the participants to either categorize
whether the name is male, whether it is female, whether it is longer
than five letters, whether it is shorter than six letters, whether it
starts with a letter from A-M, or whether it starts with letter from
N-Z. Each of the six tasks required a yes/no-choice. All tasks were
performed block by block by each subject in randomized order.
In each block, the subject’s own name and 30 other names were
presented. Thus, 186 trials had to be performed by each subject.

A Go/NoGo-procedure was employed to activate or withhold
a manual response, respectively. In Experiment 1, the ratio of
Go:NoGo-trials was 50:50. In Go-trials, participants were previ-
ously instructed to answer via keyboard whether the presented
name belongs to the above presented category (no: left arrow key,
yes: right arrow key). Go-trials were indicated by a 440 Hz sound
presented for 200 ms after onset of the central square indicating
the necessity to respond. Following a correct or incorrect response,
feedback was provided by a bold frame around the central square
colored in green or red, respectively. In case of an incorrect answer,
the trial was repeated at the end of the block, until it was answered
correctly. In NoGo-trials, which were indicated by the absence of
the tone, participants had to inhibit the manual response; apart
from that, the procedure was the same as for Go-trials. In all trials,
subjects had to fixate the central square for a period of 3 s, in which
the response had to be executed or withheld.

After completion of all six tasks, subjects were asked to rate the
presented names, except for their own name, according to their
self-relevance. The respective Likert scale ranged from 0 (not self-
relevant) to 7 (highly self-relevant).

Participants. A total of 15 students from Ulm University partici-
pated in Experiment 1 (MAge = 22.2, 9 female). All subjects were of
normal or corrected-to-normal vision and gave informed consent
prior to their participation.

2.2 Results and Discussion
After blink-filtering pupil diameter by means of interpolation, it
was averaged during the first, the second, and the third second after
fixation onset, separately for each trial and participant. For each
trial, pupil diameter during the first 20 ms after fixation onset of
the central square was set as baseline. This baseline was subtracted
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Figure 2: Mean pupil diameter differences to baseline (0 s) in
Experiment 1 within the first, the second, and the third sec-
ond after fixation onset, separately for low-relevant names,
high-relevant names, and own name in NoGo- and Go-trials,
respectively. Error bars indicate +/-1 SE.

Table 1: Descriptive Statistics

Experiment 1 Experiment 2

Condition N M (SD) N M (SD)

Go own name 15 0.057 (0.167) 15 0.246 (0.331)
Go high self-relev. 14 0.104 (0.145) 21 0.220 (0.250)
Go low self-relev. 15 0.048 (0.093) 21 0.212 (0.185)
NoGo own name 15 0.031 (0.251) 21 0.148 (0.203)
NoGo high self-relev. 14 -0.052 (0.081) 21 0.065 (0.207)
NoGo low self-relev. 15 -0.034 (0.079) 21 0.016 (0.187)

from the following data points to correct for individual offsets and
slow signal trends. In addition to the differentiation of own and
other names, trials were categorized in low self-relevant names (rat-
ings of 0 or 1) and high self-relevant names (rating between 5 and
7) based on the subjects’ self-relevance ratings for the other names.
We opted this categorization as best trade-off between analyzing
as many trials as possible, achieving a balanced number of trials
for each group, obtaining distinct groups for comprehensibility of
figures, and providing comparability regarding rating classifica-
tion between Experiment 1 and Experiment 2. Consequently, trials
comprising names with ratings between 2 and 4 were excluded
from analyses. In total, names were rated as lowly self-relevant 137

 

 

  

NoGo                                            Go 

Time (s) 

Self-relevance 

Figure 3: Mean pupil diameter differences to baseline (0 s) in
Experiment 2 within the first, the second, and the third sec-
ond after fixation onset, separately for low-relevant names,
high-relevant names, and own name in NoGo- and Go-trials,
respectively. Error bars indicate +/-1 SE.

times in Experiment 1 and names were rated as highly self-relevant
206 times in Experiment 1. Pupil size changes were then computed
separately for the three categories. These pupil size averages were
analyzed with a repeated-measures MANOVA including the within
subjects-factors Go/NoGo, time (first, second, and third second), and
self-relevance (own name, low self-relevance, high self-relevance).
Missing data were replaced by sample means. In Experiment 1,
this was the case for highly self-relevant names for one person (i.e.
for three data points). Descriptive statistics for Experiment 1 and
Experiment 2 are displayed in Table 1.

Mean pupil size changes in Experiment 1 are depicted in Figure 2.
Pupil diameter increased with increasing delay from presentation
(main effect of time: F (2,13) = 51.631, p < 0.001, η2p = 0.888). This
increase was larger for the own name than for unfamiliar names,
signaling an increasing effect of self-relevance over time (interac-
tion self-relevance*time: F (4,11) = 5.988, p = 0.008, η2p = 0.685). The
increasing difference between pupil dilation for the own versus
other names was magnified in NoGo-trials compared to Go-trials
(interaction self-relevance*time*Go/NoGo: F (4,11) = 4.204, p = 0.026,
η2p = 0.605). That implies an effect of self-relevance that is more
accentuated during inhibition at later times of measurement. In
addition, pupil size changes were overall larger in Go- than in
NoGo-trials (F (1,14) = 10.533, p = 0.006, η2p = 0.429), indicating
higher activation in the Go-condition.
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Hence, the data show that self-relevance is one important factor
affecting pupil responses. Experiment 1 thus replicates findings,
in which EEG was employed as indicator of activity in the LC-NE
complex. The differences between one’s own name and unfamiliar
names were mainly observed in NoGo-trials. However, the data
are based on only few presentations of the own name. Therefore,
before speculating about such effects, Experiment 1 was replicated
using a more powerful NoGo-condition.

3 EXPERIMENT 2
Experiment 2 was an exact replication of Experiment 1, differing
only in the ratio of Go:NoGo-trials, which was 25:75. A total of
21 students (MAge = 21.7, 12 female) took part in Experiment 2.
Six of them were not presented with their own name during Go-
trials, due to the low frequency of Go-trials. The respective missing
values were replaced by sample means. The self-relevance rating
of other names was assessed as in Experiment 1 and resulted in the
following frequency distribution: names of others were rated as
lowly self-relevant 283 times and as highly self-relevant 111 times
in total.

3.1 Results and Discussion
Mean pupil size changes observed in Experiment 2 are depicted
in Figure 3. Replicating Experiment 1, also in Experiment 2, pupil
diameter significantly increased over time (main effect of time:
F (2,19) = 66.160, p < 0.001, η2p = 0.874). Again, Go-trials were char-
acterized by larger pupil size changes than NoGo-trials (main effect
of Go/NoGo: F (1,20) = 42.003, p < 0.001, η2p = 0.677). Also replicating
Experiment 1, Experiment 2 revealed that pupil dilation was larger
in own-name-trials compared to trials with other names of high
or low self-relevance (main effect of self-relevance (F (2,19) = 4.238,
p = 0.030, η2p = 0.309).

In addition, Go/NoGo significantly interactedwith time (F (2,19) =
30.087, p < 0.001, η2p = 0.760) which indicates that the increase in
pupil diameter change over time was larger for NoGo- than for
Go-trials. In Experiment 2, the stronger effects for self-relevance in
NoGo- than in Go-trials were only descriptively observed. However,
it must be noticed that the data base for Go-trials in Experiment 2
is relatively small due to the 25:75 ratio.

4 GENERAL DISCUSSION
Previous research has shown that pupil dilation is a reliable marker
of psychological activation. Aiming at investigating the interplay of
activating and inhibitory processes using pupil diameter, a Go/NoGo-
task was employed in which participants had to categorize their
own and other names in two experiments which differed in the ratio
of Go- to NoGo-trials. We here report two major findings: First,
pupil dilates more for Go- than for NoGo-trials, and second, pupil
dilates more for own compared to other names during inhibition.

The here obtained pupil size changes correspond to commonly re-
ported task-evoked pupillary responses. This might, in conjunction
with the reported magnitude of changes, be an indicator of valid
pupil size measurement. Within the first second, pupil diameter
initially slightly declined compared to baseline level in both exper-
iments, possibly elicited by the foregoing saccade [Mathôt et al.
2015]. In addition, when taking the latency of pupil size changes

into account, which is usually reported to be in a range of 220-
500 ms, one might understand why the pupil is not descriptively
larger than baseline level during the first second.

Larger dilations in Go-trials compared to NoGo-trials for the
second and the third second after fixation onset indicate more ac-
tivation in these trials. These larger pupil dilations can be traced
back simply to the motor response or the tone which are present
in Go-, but absent in NoGo-trials. Motor execution, such as a key
press, is suggested to lead to an increase in pupil diameter [Richer
and Beatty 1987], and also a tone is associated with a pupil dilation
[Partala and Surakka 2003]. Respective effects might in turn super-
impose other effects [Einhäuser et al. 2010] and thereby conceal
differences in pupil dilation driven by a variation in self-relevance.
Correspondingly, the descriptively larger effect of self-relevance
in the NoGo-condition might additionally be driven by a stronger
inhibition of pupil dilation for other names compared to one’s own
name. Thus, the data suggest that processing the own name can
scarcely be hindered and thereby support former research and en-
large it by pointing to the importance of inhibitory processes in
self-relevant stimuli.

Given that studies on brain activation show effects of Go/NoGo-
tasks in early brain potentials after about 200-300 ms [e.g. Bokura
et al. 2001; Randall and Smith 2011; Verbruggen and Logan 2008],
the observed changes in pupil size are surprisingly late. For the
purpose of the study at issue, mean pupil sizes were the targeted
measure. Nevertheless, future research might explore the temporal
dynamics of the pupillary signal in more detail in order to gather a
more profound insight into the interplay of activating and inhibiting
processes on pupil size changes.

In terms of cognitive load, the larger pupil dilation for the own
name compared to unfamiliar names is particularly remarkable:
Categorizing the own name should require less effort and thus pro-
duce less load than other names, due to a cognitive advantage for
the own name [Symons and Johnson 1997]. As cognitive load is as-
sociated with a pupil dilation [e.g Hess and Polt 1964; Pfleging et al.
2016], the presumably higher cognitive load for unfamiliar names
would be expected to lead to larger pupil dilations for unfamiliar
names. This is exactly in the opposite direction to the observed
effect. Proceeding on the assumptions of cognitive load, one might
therefore assume the true effect of self-relevance to even be larger
than suggested by the here presented data.

Pupil diameter may indicate activity in the LC-NE system [e.g
Einhäuser et al. 2010], which is invoked in EEG research inves-
tigating the effect of one’s own name in comparable tasks [Gray
et al. 2004; Nieuwenhuis et al. 2005]. We show that the examina-
tion of these phenomena by means of pupillometry is possible and
promising. This could help shaping investigations easier, cheaper,
and faster to conduct. Hereto connected investigations, such as on
the processing of self-relevant pronouns [Herbert et al. 2011] can
be considered as next steps.

Summing up, Go-/NoGo-tasks have a strong potential to unravel
the mechanisms contributing to pupil size changes. We show that
pupil diameter is an expedient method for the investigation of ef-
fects of self-relevance. Interestingly, the data suggest that the most
important difference in processing the own name versus unfamil-
iar names might not be the higher activation but rather the less
inhibition for the own name.
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In our physical environment as well as in many experimental paradigms, we need to decide 
whether an occurring stimulus is relevant to us or not; further, stimuli have uneven probabili-
ties to emerge. Both, decision making and the difference between rare and frequent stimuli 
(oddball effect) are described to affect pupil dilation. Surprisingly though, conjoint systematic 
pupillometric investigations into both factors are still rare. In two experiments, both factors as 
well as their interplay were investigated. Participants completed a sequential letter matching 
task. In this task, stimulus probability and letter matching (decision making) were manipulated 
independently. As dependent variables, pupil dilation and reaction time were assessed. Results 
suggest a clearly larger pupil dilation for target than for distractor letters, even when targets 
were frequent and distractors rare. When considering the data structure best, no main effect 
of stimulus probability was found, instead, oddball effects only emerged when stimuli were 
goal-relevant to participants. The results are discussed in the light of common theoretical 
concepts of decision making and stimulus probability. Finally, relating theories of each factor, 
we propose an integrated framework for effects of decision making and stimulus features on 
pupil dilation. We assume a sequential mechanism during which incoming stimuli are decided upon 
regarding their goal relevance and, about 200 ms later, relevant stimuli are appraised regarding 
their value.

Keywords: Pupil dilation; reaction times; decision making; oddball; stimulus relevance

Introduction
All behavior may be conceived as being based upon decisions, be it applying for a job, a studies program, 
or a simple choice, such as to whether drinking black or green tea. Whatever decision is reached at a given 
point in time, it will shape upcoming cognition and behavior. Understanding cognition and behavior may 
be considered one, if not the principal aim of psychological research. Hence, discerning ongoing decision 
processes or, even further, detecting and predicting chosen options is fundamental for understanding what 
cognition and behavior are performed. The way decisions are formed is thus an area of ongoing intense 
research interest. Besides analyzing behavioral measures, such as reaction times, psychophysiological indica-
tors have become increasingly popular, as they may provide more fine grained information on how decision 
processes unfold (Satterthwaite et al., 2007, e.g.). As such, pupil dilation has been demonstrated to allow for 
investigating decision making (De Gee, Knapen, & Donner, 2014).

Moreover, pupils dilate differentially when processing rare stimuli in comparison to frequent ones (so 
called oddball effects). Pursuing a specific goal may often include a specific desired stimulus that has to be 
selected from a larger set of irrelevant stimuli, e.g., a specific key needs to be selected from your key ring to 
open a specific door. Or, similarly, when waiting at the bus stop for a specific line, possibly several buses will 
go by before the bus to get on arrives; arriving buses have a certain probability to be the bus to get on. When 
going through the options, be it by gaze, by memory, or else, each incoming stimulus will be decided upon 
until the desired option is found.

In the above example, as in most other situations, effects of decision making and processing probability 
coincide, disentangling them is thus challenging, but relevant for theoretical considerations. For observed 
effects, the question arises what part of a physiological or behavioral response may be attributed to decision 
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making and what part to stimulus probability. These questions might be answered using pupil dilation. 
Results on the interplay of decision making and stimulus probability however, are yet sparse and the only 
investigation using pupil dilation (Qiyuan, Richer, Wagoner, & Beatty, 1985) is contradictory to recent 
findings from decision making under equiprobability (De Gee et al., 2014; Strauch, Greiter, & Huckauf, 
2018). Investigating commonalities and differences of effects ascribed to decision making and to stimulus 
probability, two experiments were conducted using a sequential letter selection paradigm that allows for 
 manipulating both factors independently.

In the following sections, we introduce pupillometry as psychophysiological measure. Subsequently, 
literature on decision making and on processing stimulus probability is introduced by example, resulting in 
a description of the interplay of decision making and stimulus probability.

Pupillometry
Besides changes in brightness or due to accomodation, pupil diameter reflects fluctuations in central nerv-
ous activation. While the precise neural connections are still not fully understood, variations in pupil size are 
linked to activity in Locus Coeruleus (LC) and the associated norepinephrine (NE) system in a high temporal 
resolution (Joshi, Li, Kalwani, & Gold, 2016). A variety of psychological processes has been investigated more 
closely using pupil diameter, ranging from cognitive load (Hess & Polt, 1964, e.g.) over emotional activation 
(Ehlers, Strauch, Georgi, & Huckauf, 2016, e.g.), reward-anticipation (Schneider, Leuchs, Czisch, Sämann, 
& Spoormaker, 2018), relevance (Simpson, 1969) and self-relevance (Greiter, Strauch, & Huckauf, 2018), 
decision making (De Gee et al., 2014, e.g.), to effects of stimulus probability (Murphy, O’Connell, O’Sullivan, 
Robertson, & Balsters, 2014) and beyond (see Einhäuser (2017) and Mathôt (2018) for reviews).

Pupil diameter is not the only psychophysiological indicator affected by changes in arousal or the LC-NE 
system. Especially effects in the P3 ERP component have been described to align with changes in pupil size 
elicited by fluctuations in arousal accompanying cognition (Nieuwenhuis, De Geus, & Aston-Jones, 2011). 
At the time of the review of Nieuwenhuis et al. (2011), effects of stimulus probability had been described 
for EEG and for pupil diameter. Effects of deciding between equiprobable stimuli that have been regularly 
described for the P3, however, were very limited for pupil diameter. Meanwhile, results show that target 
stimuli indeed elicit a stronger pupil dilation than distractors in equiprobable paradigms (De Gee et al., 
2014; Strauch et al., 2018, e.g.). Still, as of today, the interplay of stimulus probability and decision making 
in their effects on pupil size has not been further investigated. In the following two paragraphs, we shortly 
introduce existing literature on decision making/choice and oddball effects, as well as their interaction for 
pupil dilation, here we will also describe effects for the P3, as pupillometric investigations are yet scarce.

Decision making: the choice effect
In most existing research, decision making is investigated with a focus on binary choice and therefore rather 
represents choosing between two options or ‘yes’ and ‘no’ respectively. As one of the first groups, Simpson 
and Hale (1969) demonstrated that pupils dilate more when participants decide to move a lever in a 2-choice 
decision task compared to participants instructed to move a lever without a decision task. This effect was 
ascribed to the cognitive load elicited by the decision process. Similarly, van Olst, Heemstra, and Ten Korte-
naar (1979) and Simpson (1969) report a larger pupil dilation for tones that required a key press compared 
to those with no key press; they ascribe these effects to the decision between options differing in stimulus 
relevance. Further, it has been demonstrated that not only decision making per se, but also the outcome of 
the decision making process affects pupil size: three different options in a letter matching task could be dis-
tinguished using pupil diameter (Beatty & Wagoner, 1978). More recently, Einhäuser, Koch, and Carter (2010) 
presented a sequence of numbers to participants with the instruction to push a lever, when participants 
wanted to select a number. The selected numbers were associated with a larger pupil diameter than rejected 
numbers. Further, Einhäuser et al. (2010) required participants to indicate the selected number after the 
presentation of all numbers in a second investigation. Still, the selected number was associated with a larger 
pupil  diameter than other numbers; however, with a comparably small effect size. Here, targets were always 
rare. Similarly, in visual search tasks, fixations on targets are accompanied by a larger pupil dilation than fixa-
tions on more frequent distractors (Klingner 2010). However, when targets and distractors are unbalanced, 
observed effects may be due to either decision making or processing differing stimulus probabilities.

In recent years, pupil responses were also demonstrated repeatedly to be stronger for targets than for 
distractors in equiprobable setups: Employing a signal detection task, where each trial had to be answered 
via key press, a consistent choice effect could be demonstrated (De Gee et al., 2017, 2014), i.e., pupil dilated 
more for ‘yes’ than ‘no’ responses. Employing letter selection, Strauch et al. (2018) demonstrated a stable 
larger pupil dilation for target compared to distractor letters.
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Stimulus probability: the oddball effect
In a stream of distractor stimuli, low probability target stimuli (oddballs) elicit a differential physiological 
(e.g. pupil dilation) and behavioral response (e.g. reaction times). A stronger pupil dilation is found, the rarer 
the target stimulus: Rare target stimuli requiring a response in a visual oddball task elicited a larger pupillary 
response than frequent stimuli (Murphy, O’Connell, et al., 2014). Similar findings have been described also 
for the auditory modality (Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010). In line with this finding, rarely 
used words are associated with larger pupil responses than frequently used words, showing the oddball 
effect also for more complex stimulus material (Kuchinke, Võ, Hofmann, & Jacobs, 2007). Hereby, pupil 
dilation is inversely related to stimulus probability (Gilzenrat et al., 2010; Qiyuan et al., 1985, e.g.). Still, such 
effects may also result from motor execution affecting pupil dilation (Richer & Beatty, 1985), coinciding 
with target but not distractor stimuli. To our knowledge, no oddball investigation using pupillometry exists 
that controls for the effects of motor execution.

Interplay of decision making and stimulus probability
Understanding better how we choose, but also how pupils dilate when processing different options, requires 
understanding how deciding interacts with stimulus probability: In our everyday lives, choosing between 
equally probable options represents rather exception than norm. Main effects ascribed to decision making 
or the oddball effect may often carry components of both: Many paradigms investigating the effects of 
stimulus probability entangle these effects with decision making by assigning relevance to (most often rare) 
stimuli. When effects of stimulus probability become visible, stimuli are typically connected to a meaningful 
consequence, for example, a monetary reward or punishments for errors (Verleger, Cäsar, & Smigasiewicz, 
2017, e.g.). These stimuli then have to be counted or responded to via key press or by moving a lever.

For EEG, a number of investigations pursued the interaction of decision making and stimulus probability. 
Besides demonstrating the oddball effect, Duncan-Johnson and Donchin (1977) show P3 to be more accen-
tuated for target compared to distractor stimuli even when equiprobable, which hints at the relevance of a 
stimulus for a task as underlying mechanism. Bruin and Wijers (2002) report that also when target stimuli 
had to be counted instead of indicated via key response, they elicited a stronger P3 than distractor stimuli. 
The P3 was stronger, even when targets were more probable than distractor stimuli. While concluding that 
the oddball effect may not simply be traced back to movement (as effects were also visible in the count 
condition), this suggests that stimulus category (target/distractor) elicits a stronger response than stimulus 
probability and both effects come into place simultaneously.

For pupil dilation however, only one investigation explicitly examining the interplay of choosing and 
stimulus probability is known to the authors: Qiyuan et al. (1985) report pupil dilation to be the stronger, 
the rarer stimuli were in a stream of differentially pitched sounds. However, contradicting investigations 
into decision making solely under equiprobability (De Gee et al., 2014; Simpson, 1969; Strauch et al., 2018, 
e.g), targets (that had to be counted) and distractors were associated to almost identical pupil sizes. Thus, 
differing from the P3 in Bruin and Wijers (2002, e.g.), targets elicited a smaller pupil dilation than distractors 
when targets were frequent (Qiyuan et al., 1985).

Therefore, we reinvestigated the interplay of decision making (choice) and stimulus probability on pupil 
dilation in two experiments. Hereby, both the absolute size of a pupil change and the temporal succession 
of pupil diameter changes are of interest. In addition to changes in psychophysiology, many of the afore-
mentioned effects may also become visible in reaction times. Generally, reaction times are described to be 
shorter to targets than to distractors (De Gee et al., 2014, e.g.) and shorter for frequent compared to rare 
stimuli (Gordon, 1967, e.g.). In existing oddball literature, reaction times are usually assessed for targets 
only (Murphy, O’Connell, et al., 2014, e.g.), which allows investigating the effects of stimulus probability, 
but neglects potential effects of decision making and their interaction. Therefore, in both experiments, 
we assessed reaction times for rare, equiprobable and frequent stimuli as well as their combinations with 
target or distractor independent from either of those categories. The combination of pupil dilation and 
reaction times further allows for discussing the results in light of common theories on decision making 
and stimulus probability and pupil dilation in general (here: drift diffusion model, response facilitation, 
stimulus-response pairing, goal-relevance).

Experiment 1
In Experiment 1, the primary research aim/question was to replicate effects of choice and of stimulus 
probability with a paradigm allowing for assessing pupil dilation and reaction time. In this experiment 
we employed a letter matching paradigm as described in Strauch et al. (2018), also, the interaction effect 
was investigated.
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Methods 
Data for all reported effects may be retrieved in conjunction with short videos of a series of trials and further 
supplementary documents via the open science framework (https://osf.io/yfszq/).

Participants 
Fifty-six participants took part in Experiment 1 (MAge = 22.19 years, 45 female). Due to technical errors, data 
were not recorded for 12 participants in Experiment 1 for at least one block, which is why these participants’ 
data did no contribute to the analyses. Data generated by the remaining 44 participants were subsequently 
used for statistical analyses for the respective experiments. All participants had normal or corrected to nor-
mal vision. 

Apparatus 
Participants were seated at 60 cm distance from eye position to a 27-inch screen with a resolution of 
1920*1080 px and a refresh rate of 144 Hz, on which the experiments were presented.  Luminance 
at eye position was kept constant at 60 lx. For all experiments, a SMI Hi-Speed 1250 Eye tracker 
(SensoMotoricInstruments GmbH) was used, including a chin rest.

Design 
In Experiment 1, the factors stimulus probability (25%, 50%, 75%), choice (target/distractor) and GoNoGo 
(Go/NoGo) were investigated, resulting in a 3 × 2 × 2 repeated measures design. Hereby, GoNoGo was var-
ied randomly, i.e. at a chance of 50%, a tone prompted participants to indicate the correctness of a letter 
via key press (Go), else, no prompt was played and no key press required (NoGo). Stimulus probability was 
manipulated in a blockwise manner and either set to 25%, 50% or 75% chance for a target stimulus to be 
presented in each trial compared to a distractor stimulus. The order of the three blocks was kept balanced 
between participants using a latin square (25%–50%–75%: n = 15; 50%–25%–75%: n = 15; 75%–50%–
25%: n = 14). For both experiments, pupil dilation and reaction times (Go trials only) were assessed as 
dependent variables.

Procedure and task 
After giving written informed consent and filling in a demographic data sheet (age, gender), participants 
were instructed about the task by the experimenter as well as reading an instruction text. Participants were 
told that they would have to type words from a sequence of letters using their eyes subsequently.

Participants saw a gray screen with a light gray quadratic box with black edges with a length of 4.5 degree 
visual angle presented in the screen center in addition to a similarly shaped and sized box right or left to the 
central box. Above, in the upper horizontal center, a four letter neutral word was presented in black and light 
gray letters (Figure 1 A1). Whenever participant’s gaze position was registered inside a box, the box changed 
color to the background gray as a feedback. To start a trial, participants first had to fixate on the outer box 
and saccade to the center and remain inside the central box with their gaze. Upon entering the box, a letter 
was presented that either matched (= target) the leftmost light gray letter in the word presented above or 
mismatched this letter (= distractor). Whether a target or a distractor letter was presented was determined 
for each trial depending on the level of stimulus probability in the block (25%, 50%, 75%). In 50% of trials, 
a 200 ms 440 Hz sinewave tone prompted participants to indicate via key press whether the central letter 
was matching the letter presented above (= Go; target: right arrow key, distractor: left arrow key). Hence, 
the probability of a tone to be presented was independent from the probability of a presented letter to be a 
target. Participants now had to keep their gaze for 3 s inside the central box. If they had been prompted via 
tone before, participants were to press the respective correct key in the same time (Figure 1 A2). After 3 s 
a highlight signalled to participants that the trial had been handled correctly (1 s, blue frame for target, red 
frame for distractors; Figure 1 A3). Participants could now rest their eyes (Figure 1 A4) and subsequently 
start the next trial (Figure 1 A5–A7) until they had completed all letters. Once a word was finished, a new 
neutral four letter word was presented. Participants were instructed that the experiment would end, once 
all words were completed. Whenever participants pressed a key unprompted, did not press a key when 
prompted, or pressed an incorrect key, they were punished by having to retype the last two letters in the 
above presented word, thus prolonging the experiment. When participants blinked longer than 200 ms or 
left the central box with their gaze position, a new trial had to be started. Figure 1 C visualizes all possible 
outcomes as a flowchart.

In total, participants had to write 10 words à four letters per block, which equals at least 120 target letters 
in total, when no errors were made. Each block ended after 10 words had been presented and was followed 
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by a short pause and an instruction screen that announced the subsequent stimulus probability level. The 
experiment itself lasted between 25 and 35 minutes.

Data analysis 
Gaze data were saved using SMI iViewX. Subsequently, SMI event detector was employed to differentiate fix-
ations from saccades and blinks. All trials with cumulated blink duration longer than 200 ms were excluded 
from further analyses. Blinks shorter than 200 ms were interpolated using a modified algorithm based on 
Georgi, Kowalski, Ehlers, and Huckauf (2014). This procedure was chosen instead of treating blinks as miss-
ing data to preclude potential artifacts resulting from differential blink frequencies across experimental 
conditions. For each trial, the average pupil diameter of the first 20 ms of gazing at the central box was taken 
as a local baseline. This average was then subtracted from the respective following trial. Subsequently, data 
were downsampled to 50 Hz for all following analyses.

Reaction times were analyzed for correct answers only. Reaction times may be distorted by outliers 
(Ratcliff, 1993), which is why reaction times deviating more than two standard deviations from average 
reaction times per condition per participant were removed (2-SD trimming). All data were aggregated and 
statistically analyzed using scripts in Python and R (R-Core-Team et al., 2013). For Bayesian analyses JASP was 
used (JASP-Team et al., 2018).

Results 
Pupil diameter 
Pupil dilated relative to the local baseline over time in all conditions. Replicating effects of movement 
(Richer & Beatty, 1985), Go trials elicited a stronger pupil dilation than NoGo trials (Figure 2C). Assessing 
the statistical significance of the remaining factors, a within ANOVA was fitted for the average pupil diam-
eter during letter presentation. Significant effects were found for decision making, stimulus probability and 
their interaction. Decision making affected pupil dilation (F(1,43) = 121.697, p < 0.001, 2 0.731)p  , with an 
on average larger dilation for target compared to distractor letters (Figure 2A). Stimulus probability also 
affected pupil diameter, albeit by a smaller effect size (F(2,86) = 24.238, p < 0.001, 2 0.360)p  . Here, pupil 
dilated more for rare stimuli compared to those that were presented at equal probability and frequently in a 
graduated manner (Figure 2B). Moreover, the interaction of decision making and stimulus probability was 
found significant (F(2,86) = 10.626, p < 0.001, 2 0.198)p  .

Figure 1: A: Two subsequent trials, once for a target (1–3), once a distractor letter (4–7). A1: Representative 
depiction of the presented screen before starting a trial. A2: After first gazing into the outer activation 
box that was randomly presented either to the left or right of the central box, participants had to make a 
saccade to the center to start a trial. A highlight fed back whether gaze position was registered inside the 
respective box. The word presented above indicated which letter was correct, which was always the left-
most letter given in gray (here: R). A3: After 3 s of keeping the gaze inside the central box and handling 
a potential GoNoGo signal correctly (after tone prompt in 50% of trials: press left key for distractors and 
right key for targets), a highlight fed back that the trial had been finished. A5–A7: Next trial, in this case 
with a distractor letter that has been handled correctly. B: Flowchart of trials.
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Examining the statistical meaningfulness of each factor over time and further considering the nested 
data structure, a linear mixed model (LMM) was fitted functionally (trials nested in participants and con-
ditions). Figure 2D visualizes the p-values of effects as calculated in the functional LMM of each factor 
and interaction over time, with smaller values indicating higher statistical significance. A False-Discovery-
Rate correction was used to correct for the large number of tests using the Benjamini-Hochberg proce-
dure (Benjamini & Hochberg, 1995), the similar method was later also used for a functional model in 
Experiment 2. Partially very low p-values should not be over interpreted, but interpreted as being beyond 
a threshold of p < 0.001. Still, they reveal information about the time course of the effects on pupil diam-
eter, e.g. decision making affected pupil dilation significantly before GoNoGo. When also considering 
GoNoGo as a factor and the nested data structure, decision making/choice and the interaction reveal clear 
effects, whereas the main effect of stimulus probability is drastically smaller and partially at the exact 
threshold for statistical significance (here: α = 0.05; roughly between 1.1 s and 2 s after letter onset). Pupil 
differentiated choice 120 ms earlier than stimulus probability. This sequence is also evident in descriptive 
pupil sizes (see Figures 2A–B and 3). The employed model was derived from the full model using AIC-
based backward selection; this also implies that effects in Go and NoGo conditions were not different, as 
no interaction was found.

In Figure 3, pupil diameter is plotted for target and distractor conditions for all three blocks: in all 
blocks, pupil dilated more for target than distractor letters. When targets were rare, this difference was 
maximal; but even when targets were more frequent than distractors, pupil dilated more for targets than 
for distractors. Furthermore, it is discernible that stimulus probability mainly affected pupil dilation for 
target letters, whereas pupil signal courses for distractor letters stayed relatively similar throughout all  
blocks.

Figure 2: A–C: Pupil dilation over time against local baseline. A: target (blue) and distractor (red). 
B:  stimulus probabilities: 25% (dotted), 50% (dashed), and 75% (solid). C: Go (green) and NoGo (yellow). 
D: p-values for a functional linear mixed model over time. Choice: dark grey, stimulus probability (odd-
ness): light blue, GoNoGo: green, choice*stimulus probability: dark blue, intercept: light brown, α = 0.05: 
dashed black. Based on n = 44 participants and n = 13551 individual trials.
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Reaction times 
Analyzing reaction times statistically, a within 2 × 3 ANOVA was fitted for the effects of choosing, stimulus 
probability, and their interaction. Effects were found for both decision making (F(1,43) = 26.939, p < 0.001, 
2 0.385)p  , with participants responding faster to targets than to distractors (Figure 4A left) and stimulus 

probability (F(2,86) = 7.655, p < 0.01, 2 0.151)p  , with participants responding faster for frequent than for 
rare letters (Figure 4A right). The interaction of decision making and stimulus probability did not reach 
statistical significance (F(2,86) = 2.353, p = 0.122, 2 0.052)p  . Figure 4B visualizes the additive effects of 
decision making and stimulus probability. Participants were generally highly accurate in pressing the correct 
key in Go-trials (M = 97.36%, SD = 2.55 %).

Discussion 
In Experiment 1, the effects of decision making (target vs distractor letters) were conjointly investigated with 
varying stimulus probabilities of these letters in a blockwise manner. As a replication of previous results, 
it was found that pupil dilates more for target than distractor letters at even probabilities of presentation 
(Strauch et al., 2018). This finding is in line with EEG-investigations, indicating that deciding on stimuli 
causes activity in the LC and the release of norepinephrine (Nieuwenhuis, Aston-Jones, & Cohen, 2005). 
Examining the possible interaction of these effects with stimulus probability in pupil dilation, targets 
were either presented at a likelihood of 25%, 50% or 75%. As in previous works, pupil dilated more for 
rare compared to frequent stimuli (Murphy, O’Connell, et al., 2014; Nieuwenhuis et al., 2011), similar to 
effects described for the P3 (Duncan-Johnson & Donchin, 1977; Verleger, Grauhan, & Smigasiewicz, 2016). 

Figure 3: Pupil dilation for target (blue) and distractor (red) along target:distractor ratio. Dotted lines: 25% 
targets, dashed lines: 50% targets, solid lines: 75% targets.

Figure 4: Reaction times. A: main effects for choice (target = blue, distractor = red) and stimulus probability 
(black). B: Reaction times for target and distractor along target:distractor ratio. Error bars indicate stand-
ard errors of the mean.
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However, targets always elicited a stronger dilation than distractors, even when they were frequent and 
distractors rare. This result is in line with previous EEG research (Bruin & Wijers, 2002). Extending existing 
oddball investigations using pupillometry (Murphy, O’Connell, et al., 2014; Nieuwenhuis et al., 2011), the 
oddball effect was also visible independent from a key press in the NoGo condition, excluding effects to 
result from motor execution alone. Here presented findings for pupil dilation reflect existing P3 research, 
supporting the notion of a high comparability of effects between both measures (Nieuwenhuis et al., 2011).

An ANOVA revealed significant main effects for choice, as well as probability and a significant interac-
tion of both factors. Further examining the relationship of these factors onto pupil dilation, a linear mixed 
model was fitted, demonstrating the same effects to be statistically significant. However, the main effect of 
stimulus probability was substantially reduced and very weak compared to the other effects when consid-
ering the nested data structure. Targets, but not distractors, were mostly affected by stimulus probability. 
This raises the question, whether stimulus probability alone has any effect on pupil dilation, arguing for an 
experimental investigation into this question.

How did targets differ from distractors and why did they cause a larger pupil dilation? Findings argue 
for the role of relevance for effects to emerge, as proposed previously for a number of effects in pupil-
lometry (Nieuwenhuis et al., 2011). In an oddball task, Verleger, Keppeler, Sassenhagen, and Śmigasiewicz 
(2018) added a second dimension to their stimuli (colored letters) and varied feature-response mappings. In 
line with the idea of relevance as necessary factor, the oddball effect was only obtained when participants 
knew which dimension was relevant and what response was required. Decision making in our experiment 
could thus mean deciding on a stimulus relevance: target letters were goal relevant (in a way that only they 
allowed finishing the experiment) whereas distractor letters were only task but not goal relevant (they had 
been attended to, to answer potential Go prompts, but did not allow shortening the experiment).

Besides pupillometric data, reaction times were analyzed. An ANOVA showed a significant main effect for 
choice and stimulus probability, but not for their interaction. Reaction times were demonstrated to be faster 
for targets than for distractors, replicating a number of investigations (De Gee et al., 2014; Wolfe, Palmer, 
& Horowitz, 2010, e.g.). In line with previous findings (Gordon, 1967, e.g.), participants reacted faster to 
frequent than to rare stimuli. Descriptively, reaction time was altered stronger for distractor than for target 
letters. Interestingly, especially rare stimuli were differing from equiprobable and frequent stimuli, which 
could be due to a ceiling/floor effect. Shorter reaction times are connected to a higher expectancy to stimuli 
(Gordon, 1967). Hence, stimulus probability and choice modulated expectancy regarding letters. Targets 
have been generally expected more than distractor letters, which could argue for a matching process of pre-
activated inner targets with incoming stimuli underlying the ‘yes’/‘no’ choice in this experiment.

Experiment 2
Clarifying experimentally what level of stimulus relevance drives the interaction with stimulus probability, 
Experiment 2 was conducted. Here, we tested stimuli that were irrelevant to task and goals, stimuli that 
were relevant to task but not goals, and stimuli relevant to both task and goals. Further, it was investigated 
whether stimulus probability alone affects pupil dilation and reaction times besides attempting to replicate 
findings of Experiment 1 in conditions similar for both Experiments. Moreover, results of both experiments 
should contribute to the development of a framework that may predict pupil dilation while processing a 
given stimulus.

Methods  
Experiment 2 replicated Experiment 1 except for the following changes:

Participants  
Twenty-five participants (MAge = 23.4 years, 17 female) with normal or corrected to normal vision took part 
in Experiment 2. Data could be analyzed for all participants.

Design and task  
A within design was employed, with three blocks presented to participants. In the first block, participants 
performed a comparable task as in Experiment 1, however, no word was presented in the upper center of 
the screen. At a chance of 25%, (75%), the letter K was presented, whereas in the remaining 75% (25%) the 
letter X was presented when a trial started. Whether X or K was the frequent (75%) or rare (25%) stimulus 
throughout the first block was determined by chance at the beginning of the block. Hence, stimulus rel-
evance was not manipulated in Block 1 (see Figure 5). As in Experiment 1, participants had to react to a Go 
signal in 50% of trials via key press, here they always had to press the up key irrespective of the presented 
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letter. Participants were instructed to press the key upon Go signal as fast as possible. Correctly handled 
trials were fed back using a 1 s lasting feedback (thicker blue frame around letter). In total, participants 
needed to select at least 40 letters. If a key was pressed unprompted or a key press was missed, two more 
trials were added. The following two blocks were an exact replication of the 25:75 target:distractor and 
75:25 target:distractor blocks of Experiment 1. The sequence of these two blocks was determined by chance. 
This further allowed investigating the role of relevant compared to irrelevant stimuli in the interaction 
with stimulus probability more closely. Adding Block 1, three levels of stimulus relevance result: letter in 
Block 1 (irrelevant to task and goals), distractor in Block 2 and 3 (relevant to task, but not goals), and target 
in Block 2 and 3 (relevant to task and goals).

Results  
Pupil diameter  
As in Experiment 1, a within ANOVA was fitted for the factors stimulus relevance and probability. Replicat-
ing Experiment 1, stimulus relevance, stimulus probability and their interaction showed significant effects. 
Pupil again dilated stronger for target compared to distractor letters (F(1,24) = 41.014, p < 0.001, 2 0.631p  ; 
Figure 6A) and for rare compared to frequent letters in blocks 2 and 3 during which the decision task had 
to be performed conjointly (F(1,24) = 20.213, p < 0.001, 2 0.457p  ; Figure 6B). The interaction of deci-
sion making and stimulus probability was significant (F(1,24) = 20.657, p < 0.001, 2 0.463)p  . In Block 1, 
where stimuli were neither targets nor distractors however, pupil diameter showed an on average almost 
identical dilation for rare and for frequent stimuli (Figure 6C). A paired samples t-test for the average pupil 
dilation during letter presentation also shows no significant difference between rare and frequent stimuli 
(t(24) = 0.031, p = 0.976); a Bayesian paired samples t-test indicates a BF01 = 4.741 times higher chance for 
the data under the null compared to the alternative hypothesis. Testing whether distractors in blocks 2 and 3 
elicited differential pupil dilations from letters in Block 1, a t-test for paired samples and a Bayesian t-test for 
paired samples were performed. The t-test suggests t(24) = 0.419 no significant difference; chances for the 
data under the null hypothesis were found BF01 = 3.493 times higher than under the alternative hypothesis. 
This indicates that irrelevant and task relevant but not goal relevant stimuli elicit similar pupil size changes.

Similar to Experiment 1, a LMM was fitted (Figure 6D). While the fitted model differed from the model 
for Experiment 1 in that it also included the three-way interaction of stimulus relevance, strimulus 
 probability, and GoNoGo from the model in Experiment 2, the temporal dynamics of the principal effects 
are comparable. A significant main effect was found for stimulus relevance (task and goal irrelevant, task 
but not goal relevant, task and goal relevant), more precisely, target letters were different from distrac-
tor letters and letters in Block 1 while the latter two did not differ. That is, the interaction of stimulus 
relevance and stimulus probability, as well as the main effect for stimulus relevance was driven solely by 
stimuli that were goal-relevant to participants. Moreover, an interaction of target letters with stimulus 

Figure 5: A: Trials were performed as in Experiment 1, however, no target word was presented during 
Block 1, letters were therefore neither targets nor distractors. B: Flowchart of trials: at a chance of either 
25% or 75% the letters X or K were presented upon fixation of the central box. In 50% of cases, a sinewave 
tone prompted participants to press the up key; participants needed to keep gazing into the central box 
for 3 s. Else, no key press was required until a highlight fed back that the trial had been handled correctly.

X
A B

Each trial was 
started by 
saccading from 
the peripheral to 
the central box

X

25%
75%

75%
25%

3s

X +

X X

K

3s

K +

K K

In 50% of trials, a 
sound prompted 
participants to 
press the up arrow 
key irrespective of 
the letter



Strauch et al: Decision Making and Oddball Effects on Pupil SizeArt. 7, page 10 of 17  

probability was found, but no main effect of stimulus probability. Pupil size was again earlier (240 ms) 
significantly affected by targets than by the interaction of targets with stimulus probability, which is also 
visible in average pupil sizes (see Figures 6A–B and 7). As in Experiment 1, GoNoGo had a significant 
impact on pupil dilation (Figure 6D).

Figure 7: Pupil dilation for target (blue), distractor (red), as well as for rare (purple) and frequent (pink) 
 letters during Block 1. Pupil dilation for target and distractor conditions split along target:distractor ratio. 
Dotted lines: 25% targets, solid lines: 75% targets.

Figure 6: A–C: Pupil dilation against local baseline. A: target (blue) and distractor (red). B: stimulus 
 frequencies: 25% (dotted) and 75% (solid) during blocks 2 and 3. C: stimulus frequencies: 25% and 75% 
during Block 1. D: p-values for a functional linear mixed model over time using the factors stimulus rel-
evance (Block 1, distractor, target), GoNoGo, and 25%75%, as well as their interactions. Other factors and 
factor levels, including stimulus probability and distractor, were non significant. Target: blue, GoNoGo: 
green, target*stimulus probability: dotted blue, intercept: light brown, α = 0.05: dashed black. Based on 
n = 25 participants and n = 7052 individual trials.
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Figure 7 visualizes descriptive pupil dilation for target and distractor letters as well as the letters pre-
sented in Block 1. As in Experiment 1, pupil dilated strongest when targets were rare, followed by targets 
when frequent. Distractor letters were almost identically affecting pupil diameter irrespective of stimulus 
probability. Pupil dilated descriptively slightly more for distractors than for the letters presented in Block 1, 
starting at about 1.25 s after letter onset.

Reaction times  
A 2 × 2 within ANOVA was fitted to compare reaction times for the remaining two blocks, which repli-
cated findings from Experiment 1. Stimulus relevance affected reaction times significantly (F(1,24) = 28.643, 
p < 0.001, 2 0.544p  ; correct reactions were faster for target compared to distractor trials (Figure 8A left). 
Stimulus probability similarly affected reaction times differentially (F(1,24) = 38.886, p < 0.001, 2 0.618)p  , 
with faster reactions for frequent than for rare stimuli (Figure 8A middle). No interaction of choice and 
probability was found (F(1,24) = 0.004, p = 0.950). The interplay of relevance and stimulus probability is 
visualized in Figure 8B. Participants were generally faster to respond to the Go prompt in Block 1 (right), 
during which no additional task was given, than in blocks 2 and 3. Differences in reaction times for rare 
compared to frequent letters during Block 1 were found to be non significant using a paired samples t-test 
(t(24) = 2.020, p = 0.055; Figure 8A right). Testing whether reaction times for rare and frequent stimuli are 
equal, a Bayesian paired samples t-test was performed. Chances are BF01 = 0.837 times higher for the data 
under the null hypothesis compared to the alternative hypothesis. As in Experiment 1, participants were 
highly accurate in their responses (M = 98.79%, SD = 2.00%).

Discussion  
Investigating experimentally whether stimulus probability would affect pupil diameter and reaction times 
without assigned relevance, Experiment 2 was conducted. Moreover, levels of relevance were compared and 
the principal effects of Experiment 1 were tested for replicability.

In Block 1 of Experiment 2, stimulus probability was the only factor. Neither pupil nor reaction times dis-
tinguished the stimuli that differed only in their probability, although a descriptive tendency towards faster 
reactions for frequent stimuli was observed. In contrast to Qiyuan et al. (1985), but in line with most other 
existing research, stimulus relevance was thus necessary for oddball effects to emerge.

Experiment 1 suggested a crucial role of relevance for effects in pupil dilation. Understanding what spe-
cific type of relevance is underlying effects, three different levels of relevance were tested: irrelevant to 
task and goals (Block 1), relevant to task but not goals (distractors), and relevant to task and goals (tar-
gets). For participants, it was irrelevant whether presented letters in Block 1 were rare or frequent, as both 
required a similar key press and were associated with identical consequences. Distractors may be considered 
as irrelevant to the goal of the participant: proceeding with writing to finish the experiment, but must be 
considered as task relevant, since an eventual necessary key response had to be handled correctly. Targets 
were task relevant for the same reason, but also goal relevant, given that only they allowed to write words 
and thus end the experiment. Fitting a linear mixed model for pupil diameter further revealed that only 
target stimuli had a main effect and interacted with stimulus probability, whereas no effect or interaction 
was found for stimuli without assigned relevance or distractor stimuli. Hence, these results argue for goal 

Figure 8: Reaction times. A: effects for stimulus relevance (target: blue, distractor: red, irrelevant frequent: 
pink, irrelevant rare: purple) and stimulus probability (black). B: Reaction time for target and distractor 
along target:distractor ratio. Error bars indicate standard errors of the mean.
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relevance instead of just task relevance as precondition for oddball effects. For a stimulus to be goal relevant, 
a motor execution was not strictly necessary: Effects emerged in the NoGo condition as well and thus under 
inhibition (Kiefer, Marzinzik, Weisbrod, Scherg, & Spitzer, 1998). This is in line with earlier findings arguing 
for goal (= motivational) rather than simply task relevance Simpson (1969).

Most findings of Experiment 1 were clearly replicated. In Experiment 1, the main effect of stimulus prob-
ability was drastically reduced when considering the nested data structure, in Experiment 2 however, no 
significant main effect of stimulus probability could be found in the LMM. Taken together, this argues for 
separate effects of stimulus relevance and stimulus probability, however, stimulus relevance may be consid-
ered a precondition for the effect of stimulus probability.

The comparison of pupil dilation and reaction times for the interaction of choice and stimulus probability 
reveals an on average inverse relation in both experiments: For pupil dilation, targets evoked the largest 
dilation and were affected by stimulus probability, whereas irrelevant stimuli and distractors remained unaf-
fected. For reaction times however, stimulus probability mostly affected distractors with rare distractors 
evoking the longest reaction time, whilst targets remained largely unaffected, especially in Experiment 1. 
Effects may be explained for both measures individually based on the literature. Still, it remains an open 
question why differences in pupil size, and thus activation, seem not associated with differential reaction 
times on average.

General Discussion
Employing a sequential letter selection ‘yes’/’no’ paradigm, the influence of decision making and stimu-
lus probability on pupil dilation was assessed in two experiments. We found stimulus relevance to be a 
precondition for effects of stimulus probability, but not vice versa. Different theoretical models have been 
proposed to explain the effects of decision making and stimulus probability comprehensively. In the fol-
lowing paragraphs, we shortly describe the most prominent theories and discuss them with regard to their 
capability of explaining the here presented results, first for decision making and second for the assumed 
causes of the oddball effect.

Embedding findings in theories of decision making and stimulus probability
For choosing between two options, the drift diffusion model represents the most prominent account: Evi-
dence is assumed to be accumulated for both alternatives simultaneously over time (drift rate). A decision is 
reached, as soon as evidence for one option surpasses a threshold (Ratcliff, Smith, Brown, & McKoon, 2016). 
As the accumulation process is stochastic in nature, noise may cross the threshold and thus lead to incorrect 
decisions. The higher the threshold, the longer the reaction time and the earlier and more accumulated evi-
dence, the shorter the reaction time. Regarding pupil size, results have indicated both, evidence in favour of 
a larger pupil dilation representing a higher threshold (Cavanagh, Wiecki, Kochar, & Frank, 2014) and larger 
pupil dilation representing more accumulated evidence (De Gee et al., 2014; Murphy, Vandekerckhove, & 
Nieuwenhuis, 2014). The results of decision making and stimulus probability in pupil diameter and reaction 
times represent challenges to both notions.

Assuming that pupil size represents the threshold, here reported pupil dilation would indicate differential 
thresholds for target letters, but not distractor letters due to a variation in stimulus probability. However, 
reaction times differed not only for target, but also for distractor letters. Pupil dilation would further sug-
gest faster responses to distractors than to targets, since a lower threshold should be connected to faster 
reaction times, however, the opposite pattern is found. Though, it may not be excluded that thresholds 
were collapsing after pupil dilation peaked at about 1.5 s after letter onset. Thresholds for ‘yes’ (targets) 
and ‘no’ (distractors) might have collapsed differentially: if not enough evidence had been accumulated for 
‘yes’ by a certain time, a no-decision was performed. The time when thresholds collapsed could then have 
been affected by stimulus probability and thus expectancy. This could include a mechanism during which 
‘no’ is only selected, if the evidence for ‘yes’ was not sufficient, an idea that has also received some back-
ing from the activation of neural correlates specific for ‘yes’ responses (Aston-Jones & Cohen, 2005; Deco, 
Pérez-Sanagustín, De Lafuente, & Romo, 2007).

Assuming that pupil size represents the evidence accumulation process, larger pupil sizes should go 
in hand with faster reaction times. This assumption may be supported by the finding that target letters 
elicited a larger dilation than distractor letters and were faster responded to. Still, reaction times were not 
shorter with further increasing dilation with rare targets compared to equiprobable targets, which would 
argue for a ceiling effect. The model seems to need further specification to fully account for the here 
presented results of pupil dilation and reaction times. Moreover, if pupil dilation was increasing due to 
accumulating evidence leading to a decision, it is hard to explain why pupil size was sustained larger for 
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targets than distractors also considerably after a decision had been reached, that is, after about 2 s of letter 
presentation.

Sustained higher activation for target letters might be interpreted in favor of the idea of pupil dilation 
reflecting response facilitation (Nieuwenhuis et al., 2005). Our data support this notion: larger activation 
for goal relevant stimuli (targets) is associated also with shorter reaction times. This facilitation however 
only affected target and thus goal relevant stimuli, not distractors. Furthermore, even after pressing a key, 
pupil remained larger for target compared to distractor letters, which might indicate that activation remains 
higher as long as the relevant stimulus is present in ones mind for potentially further upcoming responses 
or mental operations.

Based on the theory of event coding (Hommel, Müsseler, Aschersleben, & Prinz, 2001), Verleger et al. 
(2018); Verleger and Śmigasiewicz (2016) propose that the pairing of stimuli with responses creates event 
files (S-R files), that are differentially activated for rare and frequent stimuli-response pairs. Whenever a rare 
stimulus-response file needs to be reactivated, this goes in hand with longer reaction times and a stronger 
increase in activation than for a frequent S-R file. The observed oddball effects are principally in line with 
this idea, however, the S-R link hypothesis may not explain differences between target and distractor, that 
are also found under equiprobability.

In both experiments, differences in goal relevance (i.e., target vs. distractor) were the precondition 
for effects to emerge, shaping it the more parsimonous explanation. However, this does not exclude e.g. 
response facilitation or S-R links to affect pupil dilation and reaction times in a later step in the interaction 
with stimulus probability.

Summing up, different theories may account for different parts of the results found investigating decision 
making and stimulus probability. In what follows, a framework is described that is able to explain the here 
reported differences in pupil size comprehensively.

Integrating framework to effects of stimulus relevance and probability
Comparing the pupillary signals for the different levels of stimulus relevance and stimulus probabil-
ity reveals an earlier effect of stimulus relevance than stimulus probability on pupil dilation. In both 
experiments, pupil dissociated about 200 ms earlier for stimulus relevance than for stimulus probabil-
ity  (Experiment 1:120 ms, Experiment 2:240 ms). This pattern is also evident when it comes to the sta-
tistical significance of the main effect of stimulus relevance and the interaction of relevance with prob-
ability, reaching significance and peaking earlier for relevance than for the interaction of relevance and 
 probability in the functional linear mixed models for Experiment 1 and Experiment 2. The chronology 
of effects together with the missing main effect of stimulus probability in the experimental test for it in 
Experiment 2 argue for a sequential processing of stimulus relevance and probability: First, a decision is 
reached regarding a stimulus’ goal relevance and, only if relevant, it is further evaluated. Second, stimulus 
probability is assessed regarding the stimulus’ value, potentially based on an expectancy-value mechanism. 
This mechanism is reflected also in pupil diameter: Irrelevant stimuli elicit the smallest pupil dilation, 
whereas relevant stimuli elicit a stronger pupil dilation early on. The higher the relative value of a relevant 
stimulus, the more pupil dilates subsequently. In the here reported experiments, the subjective value to 
participants may be assumed to be higher to participants for rare than for frequent target stimuli, resulting 
in the largest pupil dilation for goal relevant rare stimuli.

Figure 9 visualizes this framework for integrating effects of stimulus relevance and value-expectancy on 
the basis of pupil dilation. While the first step could comprise models on decision making, such as the drift 
diffusion model with pupil diameter representing evidence accumulation and/or (a) collapsing threshold(s), 
the second step could include, but would not be limited to theoretical explanations for the oddball effect, 
such as response facilitation. Data from the two experiments presented here point to an offset of about 
200 ms between the effects of stimulus relevance and further evaluation coming into place; however, it 
is conceivable that more complex expectancy-value considerations would enlarge this offset. Hence, the 
precise length of the offset between the two processes affecting pupil dilation needs further investigation. 
Possible ways to falsify this model might include testing the model with EEG for  chronology and different 
stratification of signals, as well as manipulating perceived value to participants. One possibility would be to 
manipulate the consequences of certain stimuli by assigning more or less reward or punishment to them, 
which should affect pupil dilation (Varazzani, San-Galli, Gilardeau, & Bouret, 2015, e.g.). It has to be noted 
that at least in Experiment 1, signal courses for distractors were slightly, albeit non-significantly, different 
between the blocks: Rare distractors tended to dilate pupil more than frequent distractors. Besides the here 
proposed framework, effects of novelty and surprise are known to affect pupil dilation (Nieuwenhuis et al., 
2011; Preuschoff, ’t Hart, & Einhäuser, 2011), which might account for this non-significant finding.
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Future research and limitations
In the here presented experiments, pupil dilation has again proven to constitute a viable indicator of ongo-
ing cognition. Pupil size reveals whether a stimulus is relevant or not, further, in a second step it indi-
cates how big the subjective value of such a stimulus is to an observers’ goals in comparison to other 
stimuli. Potential applications range from the possibility to read an opponent’s intention above chance 
(Naber, Stoll, Einhäuser, & Carter, 2013, e.g.) or enhancing pupil-adaptive human-machine-interfaces 
(Strauch, Ehlers, & Huckauf, 2017). Of course, results reported in this article stem from strictly con-
trolled laboratory experiments, which makes retrieving such information substantially easier than in  
the wild.

While no significant main effect of stimulus probability was found when testing for it experimentally 
in Block 1 of Experiment 2, this does not rule out that an oddball effect might be found if rare stimuli 
were substantially rarer, as the oddball effect is stronger the rarer the rare stimulus is (Duncan-Johnson & 
Donchin, 1977). Given the current overlap of curves for rare and frequent stimuli, however, any stimulus 
must be drastically rarer than in this investigation for a potential effect.

Reported reaction times have to be treated with caution when comparing results with most existing 
literature. That is, the task employed in the here presented experiments differs in that participants had a 
comparably long time to answer via key press (3 s). Due to the strong consequence of an incorrect response, 
participants were very accurate in their responses. Therefore, it may be assumed that speed has been traded 
in for high accuracy. Furthermore, reaction times were assessed only in one half of the trials and therefore 
do not allow similar multilevel analyses as for pupil dilation. In future investigations, the NoGo condition 
could thus be dropped, as no interaction with the effects of either decision making or stimulus probability 
was found in both experiments.

Pupil dilated more for Go than for NoGo trials. Here, it has to be noted that (unexpected) tones, such as 
the sound prompt used here, have likely contributed to the observed effects (Zekveld, Koelewijn, & Kramer, 
2018). In a previous investigation using a highly comparable design and a similar tone, effects isolable to the 
tone alone were shown to be about one tenth of the absolute GoNoGo effect (Strauch et al., 2018). Hence, 
we maintain the assumption that the effect of the tone is rather small in comparison to the other effects (i.e. 
deciding to press a key and the key press).

Signaling decision making finely grained, pupil diameter may help discerning ongoing cognition and 
behavior. Coming back to the example from the introduction, what would pupil dilation tell us about a 
specific bus arriving in a series of buses of different lines at a bus stop? Based on the framework visualized 
in Figure 9, pupil should dilate more for buses going to our destination (= relevant buses), than for buses 
going elsewhere. If several buses would go to our destination but would take shorter or longer, pupil should 
dilate more for the fastest possibility, as expected value should be highest to the commuter.

Figure 9: Proposed framework for integrating effects of stimulus relevance and stimulus probability and 
predicting pupil size when processing stimuli. Pupil dissociates earlier for relevance than for stimulus 
probability, arguing for separate processes. Given that a stimulus is relevant, pupil dilates differentially 
based on an expectancy-value mechanism.

Relevant?

Expectancy-
value

t (ms)

Pu
pi

l (
m

m
)

yes

no

high

medium

low

200 ms~



Strauch et al: Decision Making and Oddball Effects on Pupil Size Art. 7, page 15 of 17

Conclusion
In two experiments, we investigated the effects of decision making and stimulus probability on pupil dila-
tion. A presented stimulus’ relevance and the probability of a stimulus both affected pupil diameter and 
reaction times. However, for pupil dilation, analyses strongly suggest that oddball effects only emerged when 
stimuli were goal relevant. This points to a mechanism during which stimuli are first classified regarding their 
goal relevance and, in a temporarily subsequent second step, assessed regarding their goal relevant value.
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