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7 D I S C U S S I O N

Throughout this thesis I have demonstrated how our perception of time
guides our behaviour. We act upon the world with certain expectations
that are grounded in the passing of time. For example, we can optimally
judge how long we should wait for our neighbour to answer the door
because we learned how long it generally takes for people to answer the
door. We can adapt our decisions to the noisiness of the situation (some
neighbours take longer than others), but also to the noisiness of our own
perception of time (Chapter �). In this thesis, I have investigated where
this noisiness originates, and how people can deal with this noisiness.
Although these questions have generally been addressed in controlled
experimental settings, I have searched for answers in more ecologically
valid situations. Each study is evaluated based on the three levels of
control described in Chapter �, and displayed in Table �.�.

Table �.�: Ecological validity regarding levels of control

(�) Experimental
Manipulation

(�) Task
Demands

(�) Real
Behavior

Chapter � D
Chapter � D
Chapter � D
Chapter � D
Chapter � D D D
How results from carefully controlled experiments with artificial tasks

generalize to real-world settings remains debated (Matthews & Meck,
����). For example, Schlichting et al. (����) showed that while the
temporal context e�ect (Jazayeri & Shadlen, ����) and scalar property
(Wearden, ����) found in laboratory-based reproduction tasks generalized
to the real-world setting of their experiment, the average coe�cient of
variation was notably larger. Another typical laboratory finding that has
been di�cult to generalize is that of participants responding di�erently to
prospective and retrospective duration judgements (Block & Zakay, ����).
That is, when a participant is told that an upcoming duration has to be
judged (i.e., prospectively), the duration is generally judged to be longer
compared to judgements that are made when the participant was asked to
judge the duration after (i.e., retrospectively) it had happened. The latter

���



��� discussion

requires participants to be quite naive towards the purpose of the task,
which often leads to one-o� judgements, and thus low statistical power
(Matthews & Meck, ����). However, in a study by Tobin et al. (����),
the authors claim to have investigated prospective and retrospective
duration judgements in an ecologically valid way. They asked gamers
in a gaming center to play a video game as they normally do, and were
asked after ��, �� or �� minutes how much time had passed. Participants
who had not been told beforehand that a time estimation was required
(i.e., the retrospective condition) significantly underestimated duration
compared to the condition in which participants were told about the
estimation beforehand (i.e., the prospective condition).

�.� control versus validity
Although ecologically valid studies generalize better to real-world be-
havior, they are at larger risk of confounding variables. For example,
the gamers in the study of Tobin et al. (����) were allowed to play any
game they wanted. Although this greatly increased ecological variability,
we can not exclude the possibility of an e�ect of game type on time
perception. In contrast, the studies performed in Part ii of this thesis
aim for a high degree of experimental control. For example, manipulating
the latency of memory consolidation by a limited amount of time (Chap-
ter �) is a process which perhaps has no real consequences in real-world
settings, but does allow for very specific empirical testing of a hypothesis
about the starting signal of interval timing. After all, having to start a
timing process at the onset of an event is vital in many every-day tasks.
Furthermore, unlike most explicit timing tasks in experimental settings,
the timing performed in our attentional blink study was a secondary
task. The primary objective of participants was simply to identify targets
in a stream. The second task was to reflect on how much time was
in between these noisy targets. Therefore, time estimations were made
based on events with no noisy onset markers in time. This renders the
timing component more in line with real-world situations, in which time
estimations must often be made based on events that are not explicit
markers of durations that need to be timed.

Although not every aspect of the experimental tasks in Part ii directly
maps onto every-day tasks, the cognitive mechanisms required to do these
tasks do. The onset of a timing process, as investigated in Chapter � is
required, for example, when an athlete prepares their movement after
hearing “Ready... Set...”. Any delay in memory processing of “Set” would
cause a delay in the moment of optimal preparation if our hypothesis
was confirmed. Interestingly, we found no correlation between the latency
of memory consolidation and temporal estimates. Therefore, we might
conclude that the memory processing of the “Set...” signal is not most



�.� control versus validity ���

important for optimal temporal preparation. Alternatively, (Amano et al.,
����) argued the possibility of earlier perceptual processes functioning
as markers of interval timing, which may only become available after
conscious perception.

�.�.� Valid Manipulations

Considerations about control and validity were made when using tem-
poral reproduction tasks (Chapter �) or expanded judgement tasks
(Chapter �). Both these paradigms generalise timing behavior to an
artificial, controlled task. However, the experimental manipulations were
more realistic as compared to typical temporal cognition experiments.
For example, in Chapter �, instead of inducing a certain level of fear using
static stimuli such as images from the IAPS (cf. Grommet et al., ����),
we used an entire horror movie in order to build up fear dynamically
over time. Because we had disposal of practically continuous fear ratings
over the course of the film, we were able to establish the e�ect of the
dynamic development of fear on temporal reproduction. Interestingly,
intermediate levels of fear resulted in reproductions that were slightly
longer compared to low levels of fear, indicating an attentional e�ect
(Bar-Haim et al., ����; Zakay & Block, ����), while the highest levels
of fear resulted in a mitigation of this attentional e�ect. In turn, this
mitigation is in line with arousal e�ects of fear (Gil & Droit-Volet, ����).
These dynamic e�ects can only be investigated in a situation in which
fear unfolds as it would “in real life”.

Similarly, the expanded judgement task generalizes a two-alternative
forced-choice task with a deadline to a controlled computer-task setting
(van Maanen et al., ����). This task could, for example, model a situation
in a restaurant in which you are asked to make a choice between fries and
a salad. Sometimes, you will not have a clear preference for one or the
other, but the time pressure caused by the impatient waiter forces you to
reach a decision anyway. This task is designed to allow a large degree of
experimental control. We display the two options as flashing circles, and
can very precisely control, over time, the amount of evidence favouring
one of the options. This level of control is required due to the severity
of the experimental manipulation: core body temperature. This manip-
ulation was achieved by inducing passive hyperthermia in participants
by immersing them in warm water. Participant who performed the task
while their core body temperature was elevated estimated the deadline
to respond as approaching relatively fast (i.e., they took less time to
accumulate evidence) compared to when their core body temperature was
not (yet) elevated. In this setting, ecological validity of the manipulation
was prudent as no substitute of elevated core body temperature would
result in same specific type of arousal.
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�.�.� Valid Tasks

The experimental manipulations described in Part ii mapped well with
causes of timing biases that occur outside the lab. However, this approach
does not always prioritize ecological validity of task demands. Particularly,
when we ask a participant to perform a task, we assume they try their
best and stay attentive to their task throughout the sessions. Specifically,
it has been reported that performance of participants drifts throughout
a session (Ackerman et al., ����). Responses to, for example, temporal
reproduction tasks (Chapter �) are known to be a�ected by time on task.
To correct for this e�ect, one can include trial index or block number as
predictor in their models (as we did in Chapter �).

However, a more elegant solution is to design tasks that elicit intrinsi-
cally motivated behaviour through task demands. For example, through
providing detailed feedback to the participant, by rewarding the partici-
pant with points, or with monetary rewards based on performance on
trial level (Chapter �). Using this last method, we were able to test very
specifically how well participants adjust their temporal reproductions
based on the level of risk and level of endogenous noise. In the face of
monetary punishment for under-reproducing a ���-ms interval, partic-
ipants optimally shifted their reproductions towards over-reproducing
them. This near-optimal shift has been observed in numerous studies
with humans and animals (Çavdaro�lu et al., ����; Freestone & Church,
����; Simen et al., ����). However, here we showed that this implicit
feature is not exclusive to timing, but generalized to distance estimation
also. Furthermore, we found that, in the face the highest level of punish-
ment, participants failed to adjust enough to be optimal. This led us to
speculate that, beyond a certain level of risk, a more explicit system of
risk-seeking/avoidance is used which generalized over modalities. This
finding also calls for a re-evaluation of our definition of optimality. Rah-
nev and Denison (����) argue that modelling reward-rate maximization
has limited value, and we should instead aim for models that explain
behavior across a wider variety of tasks.

Finally, the optimal setting in which to observe how human interaction
with the world is influenced by their perception of time is, obviously,
when they are actually interacting with the world. However, you would,
exaggerated, have to observe the entire life of the participant and record
everything they do. Obviously, this is neither practical, not ethical.
Alternatively, the analysis of publicly available large data-sets from
online gaming replays revealed to be a fruitful alternative (Chapter �).
The participants in our study were gamers playing the online multiplayer
real-time strategy game StarCraft�. This fast paced game, often referred
to as an e-sport, requires participants to constantly shift their attention
between tasks. Some tasks are more valuable to the players success
when performed at very specific intervals. Therefore, expert players learn



�.� future directions ���

to time these intervals very accurately, even when being distracted by
concurrent tasks. The amount of distraction over time could be tracked
precisely by counting the number of actions - up to ��� actions per
minute (APM) - players performed during the timing of the intervals.
Surprisingly, the over-reproduction of intervals was not greater during
periods in which we observed relatively high APM. Only when high APM
was recorded towards the end of the intervals did over-reproduction occur
as expected. This revealed that, when evaluated in a real-world setting,
specific predictions from attentional gate theory (Zakay & Block, ����),
do not readily generalize from laboratory tasks to real-world tasks.

�.� future directions
In terms of ecological validity, analyzing timing behavior in replay data
is an approach that has potential to cover all three levels of ecological
validity mentioned in Table �.�. The increasing tendency to record every-
day interactions with electronic devices could facilitate this approach
to answering research questions about time perception. For example,
patterns of periodicity of rear-view mirror checking in drivers could be
used to form predictive models about driver fatigue. I speculate that
distinct temporal fingerprints can be extracted from periodic behaviours
such as mirror-checking. With technology already present in some types
of modern motor vehicles, recording and storing gaze positions (e.g.,
is the driver checking a mirror) is e�ortless (although careful ethical
considerations regarding privacy must be made). Another example in-
cludes the analysis of pauses in speech recordings of large bodies of
recorded conversations to investigate turn-taking behavior (Levinson &
Torreira, ����). It is even conceivable that, retrospectively, large volumes
of Morse-code communications could provide rich information about the
influence of distress (. . . – – – . . .) of a sender on the duration of the
dits (. . .), dahs (– – –), inter-element gap (between the dits and dahs),
short gap (between letters), long gap (between words), and patterns of
interaction between these intervals.

�.� conclusions
Investigating how keeping track of time influences how we interact with
the world requires the constant evaluation of ecological validity across the
three levels of Table �.�. In this thesis I have demonstrated that, without
ticking all the boxes, useful knowledge about time perception can still
be generated. When focusing research questions on biases on temporal
cognition caused by external influences (e.g., distraction, temperature,



��� discussion

arousal), ecological validity of experimental manipulations must take
priority. However, when untangling biases originating from within (e.g.,
memory, motivation, attention), the validity of the task must be pri-
oritized. But, since internal and external factors will always interact
and overlap, we must truly invest in developing methods to study time
perception as it occurs in the real world.




