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Abstract

This thesis investigates the role of event structure in duration representation. A
combination of behavioural and neuroimaging techniques was used to examine the
effect of the number of perceived segments and the relative similarity between
them on memory representations and estimates of duration. Behavioural studies in
Chapter 2 showed that an increase in the number of perceived segments and a
decrease in perceived similarity between them lead to longer estimates of duration
when reconstructing duration based on a memory representation of content.
Chapter 3 investigated whether representations of duration arising from language
are similar to those from visual stimuli, indicating that for language, an increase in
the number of segments but not the similarity between them leads to longer
estimates. Chapter 4 investigated whether event structure also affects time
monitoring, showing that estimated duration increases as an effect of the number
of segments and dissimilarity between them when both time and content are
attended to, but that only the number of coarse segments plays a role when only
time is attended to. Together, these findings corroborate the idea that duration
reconstruction relies on the encoded event structure, as the role of event structure
is diminished when content is not remembered. However, on a coarse level, the
number of event boundaries may also guide the encoding of duration. Chapter 5
investigated the neural underpinnings of duration reconstruction using fMRI,
showing that activity in left hippocampus is modulated by event structure. Finally,
a behavioural experiment in Chapter 6 investigated the effect of event structure on
the mental reproduction of events, showing that the duration of this replay
increases as an effect of more segments and less similarity between them.
Together, these findings suggest that event structure affects memory
representations, with more segments and less similarity between them leading to

longer duration reconstructions.
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Chapter 1

Remembering and reconstructing duration

In many situations in everyday life, our memory of how long things take is crucial.
For example, in witness testimony, verdicts can critically rely on the memory of the
witness of how long something took, like for example how long an encounter with
the suspect was. However, we do not always have a measure of duration available
in terms of clock time. Instead, we then rely on a sense of how long we think things
took. Intuitively, we seem to reconstruct duration based on our memory of the
events that unfolded during the interval that we are trying to estimate. But what
cognitive and neuronal mechanisms underlie this ability? Are these duration
estimates veridical, or are they subjective, and affected by the content of the
interval? Is there a difference between cognitively timing an interval and
reconstructing it from memory? And when we describe what happened to someone
else, does what we tell about the content affect how long they think the interval
was? Bringing together literature on time perception, episodic memory, event
perception and linguistics, this thesis is concerned with answering these questions
through a series of experiments investigating the effect of event structure in
duration representation.

This chapter will outline the key theoretical frameworks that are relevant to
answering these questions. Firstly, this chapter will address the historical
development of psychological research into time perception and observations from
early psychophysical studies into time perception, suggesting that time perception
is subjective and dependent on characteristics of the stimuli. Secondly, this chapter
will give an overview of theories on human timing that have been developed. Both
biologically motivated clock-based models and cognitive models will be discussed,
focusing on the relevance of the latter for answering the questions above. Thirdly,
this chapter will address crucial distinctions between prospective and
retrospective research methodologies, arguing that retrospective paradigms can

shed light on the memory mechanisms that play a role in reconstructing duration.



Furthermore, this chapter will discuss episodic memory and event segmentation,
linking the two by highlighting how event segmentation may determine episodic
memory content. Finally, this chapter will outline how event segmentation may
affect duration reconstruction, and how this thesis will further investigate this

possibility.

1.1 Time

The concept of time has captured the imagination of many scientists, philosophers
and artists. From philosophical views on time as an absolute such as the Kantian
view that time is an inner sense that has empirical existence (1770) to views that
express the relativity of time in science and physics such as Albert Einstein’s
famous quote that “time is relative” (1920) to artistic interpretations like Salvador
Dali’s painting The Persistence of Memory (1931) that shows a melting pocket
watch signifying the “softness” of time, views on time and its nature have evolved
and changed over time. Questions about time and its nature are as old as mankind,
starting with early civilizations studying the passage of the seasons. The first
philosophical ideas about the nature of time came from the early Greek
philosophers. Among these was Heraclitus (c. 535-475 B.C.) who believed that
permanence did not exist and that only change had reality (in: Roeckelein, 2008).
He reasoned that the only real state is the state of “becoming”. The philosopher
Plato (427-347 B.C.), in contrast, believed that time exists, and that it flows
independently from the events occurring in time (in: Roeckelein, 2008). The first
philosopher to ask how we perceive time was Aristotle (384-322 B.C.). He
hypothesised that time is dependent on aspects of motion, such as “before” and
“after” (in: Roeckelein, 2008). He reasoned that, therefore, our perception of time is
dependent on the “number of motion” (in: Roeckelein, 2008). As the following
sections will illustrate, these ideas are still, in a slightly altered form, at the heart of

the debate on how we perceive time.



1.2 How we experience, remember and reconstruct time

There are many ways to keep track of time, such as counting seconds or using a
timing device such as a watch. But how do we build a sense of time when we did
not count or have access to a timing device, or even when we did not attend to time
at all in the first place? This is known as psychological time and is defined as a
subjective estimate of time, without the use of an external timing device or
environmental clues such as the position of the sun (English & English, 1958, in:
Roeckelein, 2008). As the following sections will outline, there is a lot of discussion
about how exactly we experience time from a psychological point of view. The
following sections will provide an overview of the development of different

theories on psychological time.

1.2.1 Studying psychological time

The concept of psychological time was born at the end of the 19t century
(Roeckelein, 2008). In 1890, William James (1842-1910) introduced the notion of
psychological time in his book The Principles of Psychology. James’s main
postulation was that in order to understand the past, one must relate this past to
the present, and one must understand what the present is. In his book, he therefore
discussed three concepts related to the notion of the psychological experience of
time. The first concept is the “specious present”, which refers to our experience of
the “now”. When we focus on the “now”, the present seems to expand. Secondly,
James discussed the concept of “successiveness”, claiming that only through a
feeling of succession one can experience a feeling of past. Thirdly, James discussed
the perception of time in terms of retrospection (versus prospection). The past is
by definition retrospective, and as such, “the perception [of past time] goes by the
name of memory” (James, 1890/2007, p. 605). When we are paying attention to
time, the duration of a period of time is perceived differently from the same period
of time in retrospect when we did not pay attention to time. What happened in this

period of time determines whether we perceive it as longer or shorter:



In general, a time filled with varied and interesting experiences seems short
in passing, but long as we look back. On the other hand, a tract of time
empty of experiences seems long in passing, but in retrospect short (James,

1890/2007, p. 624).

Furthermore, James concluded that awareness of change is crucial for our
experience of time, and that these changes must be of some concrete sort. In sum,
by focusing on the characteristics of the stimuli such as interestingness and (the
number of) changes, James was among the first psychologists to conclude that
there must be a relationship between our experience of duration and the filling of
the duration.

Around the same time, a book on the concept of time from a psychological
perspective by the French philosopher Jean-Marie Guyau (1854-1888) was
published. His approach was ahead of its time, as he thought about the perception
of time in relation to human information processing, and how concepts of time
develop from childhood to adulthood (Ornstein, 1969; Block & Zakay, 2001). Guyau
considered time to be a purely mental construction from the events that take place
(1890, as paraphrased by Ornstein, 1969, p. 37). In other words, he postulated that
time itself does not exist, but that it only exists by the events that occur in it, and
that time is a product of human imagination, memory and will (Ornstein 1969,
Roeckelein 2008). According to Guyau, our experience of time is based on
characteristics of the stimuli, such as the intensity of the stimuli, the extent of the
differences between the stimuli, the number of stimuli, the attention paid to the
stimuli, the associations of the stimuli and the expectations called up by the stimuli
(Ornstein 1969; Roeckelein 2008). He hypothesised that these factors can expand
our perceived duration, and stated that it is an increase in the number of “mental
images” that lengthens our perceived duration (Ornstein 1969, p. 38).

Note that both James and Guyau hypothesised that our perceived or
experienced duration is dependent on the characteristics of the stimuli (i.e. what
happened in an interval of time). However their ideas were mainly philosophical,

as neither of them did any empirical research. Their contemporary Wilhelm Wundt



(1832-1920) was among the first to study the experience of time experimentally.
Wundt and colleagues investigated properties of the filled duration illusion (where
a filled duration seems longer or shorter than en empty or unfilled duration) and
determined minimum and maximum durations and intervals for this illusion
(Roeckelein 2008). In his book Outlines of Psychology (1897), Wundt noted that
duration must therefore be a relative concept (Wundt, 1897/2009, p. 144). Each
moment in time is filled by a certain content that has a relationship to the subject
experiencing the flow of time. Even when the sensational content remains identical
over time (e.g. when a person experiences a state, or a lasting impression), the
relationship to the subject cannot be constant as his or her internal states are ever
changing. Therefore, Wundt was the first to argue that the experience of duration
cannot be absolute and must be subjective, based on empirical evidence.

An important step forward in research into psychological time was the
publication of the first review of time perception literature in 1891. Nichols (1852-
1936) was the first scholar to not only review the existing literature on time
perception to date, but also the first to publish this in the only psychological
journal at that time, the American Journal of Psychology (Block & Zakay, 2001).
Because of its publication in this medium, the paper received widespread attention
from researchers in the field of psychology. In his review, Nichols gave an overview
of the historical development of (philosophical) theories on time perception, and
summed up the experimental research to date. As a conclusion of his historical

overview, Nichols wrote the following:

Casting an eye backward we can but be struck by the wide variety of
explanations offered for the time-mystery. Time has been called an act of
mind, of reason, of perception, of intuition, of sense, of memory, of will, of all
possible compounds and compositions to be made up of them. It has been
deemed a General Sense accompanying all mental content in a manner
similar to that conceived of pain and pleasure. It has been assigned a
separate, special, disparate sense, to nigh a dozen kinds of ‘feeling’, some

familiar, some strangely invented for the difficulty. It has been explained by



‘relations’, by ‘earmarks’, by ‘signs’, by ‘remnants’, by ‘struggles’, and by
‘strifes’, by ‘luminous trains’, by ‘blocks of specious-present’, by
‘apperception’. It has been declared a priori, innate, intuitive, empirical,
mechanical. It has been deduced from within and without, from heaven, and
from earth, and from several things difficult to imagine as of either (Nichols,

1891, p. 502).

This conclusion sums up many of the issues that are still relevant to the current
debate on time perception. As illustrated above, James, Guyau and Wundt stood at
the beginning of the tradition of studying of time from a psychological point of
view. They shared the view that our experience of duration is relative and that it
depends on some sort of characteristic of the filling of the duration. As will be
discussed in the remainder of this chapter, these notions are still at the centre of
the current debate on how we perceive, experience, remember and estimate time.
The following section will give an overview of the experimental research that tried

to determine these characteristics using early psychophysical techniques.

1.2.2 Early psychophysics of time perception: duration is relative

Psychophysics studies the relationship between (characteristics of) a stimulus and
behaviour or, in this, case perception. Many researchers have attempted to
determine the nature of the relationship between real time and our perception of
time. Early time research often explained this relationship using Vierordt's law
(1868), that states that short intervals are overestimated and long intervals are
underestimated (Woodrow, 1951, in: Allan, 1979). Furthermore Vierordt's law
predicts that there is a point or interval of indifference at which people do not
overestimate or underestimate an interval (Woodrow, 1951, in: Allan, 1979).
According to Vierordt, at the point of indifference the experienced time equals the
physical time, meaning that the estimated time signifies an actual time percept (in:
Eisler, Eisler, & Hellstrom, 2008). Through a series of experiments using auditory

stimuli, Woodrow (1930, 1933, 1934) showed that in time perception, there is no



point of indifference. He argued that if a point of indifference is found, it varies too
much from other points of indifference found in other laboratories under the same
experimental conditions, and that there is no point of indifference that is valid for
all experimental participants (reviewed in: Allan, 1979). He therefore concluded
that Vierordt’s law is not applicable to our experience of time, implying that there
is no point of indifference where our subjective reproduction of time equals our
direct time percept.

The question then arises whether the point of indifference exists at all, and
if so, why varying points of indifference are reported between studies. One of the
factors that has been shown to affect the point of indifference is the range of
stimuli used in an experiment. This was shown by Fraisse (1948), who asked
people to reproduce the durations of streams of sounds. He showed that the point
of indifference depends on the range of stimuli used: for instance, for a scale of 0.2
to 1.5 seconds the point of indifference is different from the indifference point for a
scale of 0.3 to 12 seconds (Fraisse, 1948, in: Eisler et al., 2008). These findings
suggested that any range of stimuli could generate a point of indifference, and that
any point of indifference must be relative to the scale it is on, challenging the idea
that a point of indifference equals a direct percept of time. In other words, there is
no absolute duration at which our perception of duration always equals the actual
duration.

In addition, there are numerous other principles that appear to affect the
relationship between actual duration and our percept of it. For instance, when a
participant is exposed to a series of stimuli on a scale, their memory of these
stimuli is likely to be shifted towards the middle of the scale. This idea was
formulated by Leuba (1893) and is known as the law of sense memory (in: Eisler et
al,, 2008). The law of sense memory furthermore states that our memory of stimuli
shifts toward what has been experienced most frequently (Leuba, 1893, in: Eisler
et al., 2008). In contrast, Hollingworth (1909, 1910 in: Eisler et al., 2008) observed
that it is not our memory of the stimuli that shifts towards a centre, but that it is
rather our judgement that is subject to a central tendency. Whether it is our

memory of the stimuli or our judgement, either way the behavioural outcome



displays a bias to the mean, again suggesting that points of indifference are relative
rather than absolute (Eisler et al., 2008).

Another important observation was made by Fechner (1860). Studying
people’s judgement of whether a weight is heavier than a standard weight, he
found that it makes a difference whether one compares a stimulus to the previous
stimulus, or to the next stimulus. This phenomenon is also known as the time-order
error. The time-order error has been shown for almost every modality, including
duration perception (an overview of studies investigating time-order error for
duration can be found in: Eisler et al., 2008). The time-order error primarily occurs
in tasks that use a forced-choice paradigm. In a forced-choice task, there are
normally two orders in which the stimuli can be presented: the shorter of the
stimuli is presented first and then the longer, or the longer of the stimuli is
presented first and then the shorter. Early studies found that for short durations,
the time-order error is often positive, while for longer durations it is often negative
(summarised in: Allan, 1979). This indicates that there is more to subjective
duration than Vierordt’s law, namely that our judgement of duration is affected by
the order in which and the scale on which stimuli are presented. However, the
nature of the time-order error has been under debate: on the one hand there are
researchers who support the idea that the time-order error is a perceptual
phenomenon that arises from adaptation to the set of stimuli presented and the
magnitude estimations associated with them (e.g. Hellstrom, 1977), while other
researchers claim that the time-order error is an artefact of the forced-choice task
and thus depends critically on the response type used in a paradigm (e.g. Allan,
1977, both in: Fraisse, 1984, p. 11).

As noted above, psychophysical research has shown that duration sensation
and perception are subject to expansion and contraction dependent on the scale,
task and clock duration. Further psychophysical research has focused on exactly
how a participant’s behavioural response is related to the intensity of a stimulus.
One of the most well known psychophysical laws that describes this relationship is
Weber’s Law (1834). Weber’s Law states that the threshold of discrimination

between two stimuli, such as brightness, loudness, or duration, increases



monotonically as the intensity of stimuli increases (as described by: Grondin,
2001). Attempting to define the exponent that explains the relationship between
subjective duration and actual duration (i.e. a constant proportion that defines the
ratio between subjective and actual duration), Eisler (1976) conducted a meta-
analysis of studies of subjective duration published between 1868 and 1975, and
found that an average exponent of .9 seems to best describe the ratio between
subjective duration and actual duration. He claimed that the “comparatively small
variation in the exponent indicates an astonishing stability in the data for time
perception” (Eisler, 1976, p. 1157). However, his meta-analysis did not distinguish
between different methods of measurement and different stimulus conditions such
as the exact length of the durations used in the experiment, which, as argued above,
can greatly influence the results found in a particular experiment.

In an attempt to replicate the findings reported by Eisler (1976), Allan
(1978) found that different values are obtained between subjects and between
tasks. In her experiment, participants were asked to reproduce ten intervals, to
reproduce a duration of half these intervals and to reproduce a duration of double
these intervals. These data showed that the exponents estimated from twelve
subjects varied from .50 to 1.30, and that the correlation between the reproduction
exponents between the tasks was low. Together, the findings described above
illustrate that although there is no widespread agreement on the exact nature of
the relationship between the intensity of a stimulus and human sensation, the
results from psychophysical studies on duration experience generally suggest that
regardless of the exact experimental conditions, there is a robust and persistent
discrepancy between stimulus duration and subjective duration.

Moreover, Allan (1979) pointed out the following: in all of the published
studies of time reviewed in her 1979 study that report verbal and scalar
(magnitude) estimates of clock duration, there has been the assumption that there
is an empirical relationship between the estimates given by a participant and the
actual stimulus duration that directly reflects the psychophysical law. Implicitly or
explicitly, studies have assumed that this obtained mathematical function

represents the transformation of stimulus time to perceived time, and that



therefore a response given by a participant is a simple (linear or otherwise)
transformation of perceived time (Allan, 1979, p. 343). However, this relationship
between real time and experienced time may in general not be as straightforward
as the early psychophysical studies assumed. Terms like perceived, internal,
subjective, psychological, and apparent duration or time are used as synonyms
referring to a temporal value provided by a person to make a temporal judgement
(summarised in: Allan, 1979). However this does not directly imply that this
temporal value is a representation of ‘real’ time experience, or, as Efron (1970)
argued: that “the duration of a percept is not necessarily the same as perceived
duration” (Efron, 1970, as cited by: Allan, 1979, p. 341).

Similarly, Ornstein (1969) made the observation that early psychophysical
research was mainly focussed on how accurately ‘real’ time is perceived. He argued
that “calling the clock of hours, minutes and seconds ‘real’ time is like calling
American money ‘real money’. An analysis should be concerned with experiential
time per se, not as it might relate to hours, days, burning rope or to some other time
definition” (Ornstein, 1969, p. 20). In sum, the relationship between stimulus time
and ‘perceived’ time may not be as direct as early models assume. Perceived
duration appears to be subjective, relative and dependent on stimulus
characteristics. The question that remains, however, is how humans build this

experiential sense of time and what stimulus properties affect duration estimation.

1.2.3 Models of human timing

In order to address how humans and animals build a sense of time, many models of
time perception have been proposed. Block and Zakay (1997) pointed out that it is
puzzling that there is no single sensory organ or perceptual system that is
responsible for our psychological experience of time, and observed that therefore
research has focussed on the interplay between cognition and biological processes
that contribute to human timing. Models of human timing can roughly be divided
into (at least) two categories: clock-based models and cognitive models. The

following sections will give an overview of the development of clock-based models
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and cognitive models and will highlight some of the most prevalent models of

human timing.

1.2.3.1 Clock-based models of duration perception

The idea of a clock-based model was introduced in the 1960s. Classical clock-based
models assume that humans have a pacemaker-accumulator system. A pacemaker
emits ‘ticks’ that are collected by the accumulator that counts the number of ticks.
The more ticks are collected, the longer the duration (Grondin, 2001). Two of the
earliest models were formulated by Creelman (1962) and Treisman (1963). Both
models propose a pacemaker-accumulator system, but have different assumptions
about whether and how external perturbations affect the frequency with which the
pacemaker emits pulses. Creelman’s model assumes that the pacemaker emits
pulses with a fixed frequency, which means that one can predict how many pulses
there are per unit of time (Grondin, 2001). In contrast, Treisman (1963) proposed
a model in which a pacemaker emits pulses at a variable frequency that is subject
to external factors (Grondin, 2001). So even though both models propose a
pacemaker-accumulator model, they differ in whether the frequency at which this
pacemaker emits pulses is fixed or subject to external factors causing it to be
variable.

An important extension of the internal clock model was proposed by
Gibbon, Church and Meck (1984) (Figure 1). Scalar expectancy theory (SET) was
originally developed to explain animal learning. Similar to the earlier model
proposed by Treisman, SET proposes a continuously running pacemaker that emits
pulses at a stochastic rate. This pacemaker is connected to an accumulator by a
switch that only allows pulses to flow to the accumulator when a stimulus is timed.
When the stimulus timing process ends, the number of pulses stored in the
accumulator forms the basis for a duration judgement (as described by: Matthews,
Stewart, & Wearden, 2011). The content of the accumulator is stored in working
memory, and a reference memory that gives an animal information about whether

a certain count value leads to a reward (Grondin, 2001, p. 29). Therefore, a third
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mechanism, namely the comparator, is necessary in the SET model, as the count
value of an individual stimulus needs to be compared to the count value that leads
to a reward (Grondin, 2001, p. 29). SET allows for the frequency of the pacemaker
to be variable. For example, the rate of the pacemaker could be influenced by the
stimulus intensity (Zelkind, 1973) and switch latencies (Wearden, Edwards, Fakhri,
& Percival, 1998, both in: Matthews et al., 2011).

CLOCK
PACEMAKER —»  SWITCH  [—#| ACCUMULATOR PROGESS
WORKING ___4 REFERENCE MEMORY
MEMORY _ MEMORY PROCESS
YES DECISION
COMPARATOR PROGESS

Figure 1. Information processing model of Gibbon & Church (1984). The figure,
adapted from Grondin (2001, p. 28), shows three processes: a clock process, a
memory process and a decision process. The clock process contains a pacemaker
component, a switch and an accumulator. The switch connects the pacemaker with
the accumulator, allowing pulses only to flow to the accumulator when a stimulus
is timed.
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Wearden (1991) was the first to successfully apply this model to human behaviour
as well, suggesting that humans have a scalar representation of duration. Wearden
used a temporal generalisation paradigm in which participants are familiarised
with a standard duration. Participants were then asked to compare new stimuli to
this standard duration and tell whether they are the same. Wearden argued that
although humans perform differently from animals in these temporal
generalisation experiments, this is due to the fact that the way that humans made
judgements about intervals differs from the way animals do, and that the
underlying representation of duration that humans have is consistent with SET. He
argued that human behaviour displays scalar properties (the mean time intervals
that people produce are generally well matched with the clock time, and that the
standard deviation of this response increases linearly with the mean) and
therefore argued that, in some circumstances, human timing can be described by
the SET model (Wearden, 1991).

Clock-based models, however, have been argued to have some limitations.
Based on a meta-analysis of 110 studies investigating the psychophysics of time
perception through a variation of timing tasks in humans and animals, Gibbon and
colleagues (1997) claimed that different time ranges appear to require different
processes. Especially timing of longer intervals (more than half a minute) is
difficult to explain within a clock-based framework. Moreover, their results
suggested that intervals of up to 1-2 seconds might be processed by different
neurobiological mechanisms than those above. Cognitive, ‘non-temporal’ processes
may add to the increase in variability observed for durations above the 1 or 2
second range.

Furthermore, Gibbon and colleagues (1997) observed that different timing
systems appear to have different neural substrates, and argued that this may
challenge the idea of one dedicated neurobiological timing system. Further
evidence for this idea came from experiments showing that timing can be
disrupted by a secondary cognitive task (e.g. an attentionally demanding task),
suggesting that timing shares resources with other cognitive mechanisms (for an

extensive review, see: Brown, 2008). So although clock-based models may be valid
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for (very) short durations, longer durations appear to recruit cognitive

mechanisms.

1.2.3.2 Cognitive models of duration perception

Therefore, instead of focusing on a clock-based timing system in humans, some
research has focused on time perception from a cognitive perspective. These
models often consider memory and attention to explain how we perceive and
remember duration. Theories of cognitive timing roughly consider three areas.
Storage size models are concerned with how information is organised in memory,
suggesting that when a stimulus requires more mental space, it will be judged as
being longer. This is closely related to processing effort models that suggest that it
is about the familiarity of stimuli and the ease of encoding, rather than their
storage space in terms of stimulus quantity per se. Thirdly, change based models
explain subjective duration in terms of the amount of change (both change gleaned
from the stimulus as well as contextual change) that needs to be remembered. The

following gives a brief overview of some of the most influential models.

1.2.3.2.1 Storage Size and Processing Effort models

Arguably the most widespread theory from the Storage Size perspective was
formulated by Ornstein in 1969. He hypothesised that perceived duration is
directly related to the storage size occupied by events in memory (Ornstein, 1969).
Ornstein argued that if more storage space is used to encode a stimulus, the
subjective duration is lengthened. This does not mean that “more” necessarily
means “longer”: Ornstein argued that not only the actual information that is stored
is important, but also how that information was stored. A certain amount of
information can be stored in different ways, depending on how the information is
chunked by the memory system. To explain this, Ornstein used the following

example:
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Suppose you are asked to remember the following sequence of four binary
digits:

1010 0100 1111 0111 1101

If you have no coding scheme for this sequence then this sequence would
subtend twenty metaphorical spaces in storage. One space for each number
in the input array. Suppose I give you a code. In this notation the zero
always means zero and the ones, reading from right to left represent powers
of 2. So the first (right hand) space if it is a 1 is 20 or 1, the next 21 or 2, the
next 22 or 4 and the fourth in each sequence 23 or 8. So knowing the code
you can store each four binary digit sequence this way: 10 4 15 7 13. Now
the whole sequence subtends only eight metaphorical spaces and the stored
information is the same, since if you know the code you can produce 0100

from the 4 which is in storage.” (Ornstein, 1969, p. 42).

Ornstein argued that this extends to real life, where based on people’s specialities
and experiences they can code certain events more efficiently. In other words,
Ornstein’s hypothesis stated that the experienced duration of an interval is a
construction based on its storage size, which is affected by the efficiency with
which information can be encoded.

Through a series of experiments, Ornstein (1969) gathered support for his
hypothesis. He demonstrated that an increase in the number of stimuli, for example
a series of consecutive tones that are presented in a certain interval, lengthens the
experienced duration. Furthermore, Ornstein investigated to what extent the
complexity of a stimulus affects the experience of duration using stimuli like
abstract line drawings and tones. He found that complexity increases the
experience of duration: the higher the complexity, the longer the duration. He
established this effect for abstract drawings with more or less lines and angles,
sounds that are more or less easily coded (for example the quick turn of a
typewriter roller versus two hair brushes brushing together) and art works of
different complexities. Based on these results, Ornstein argued that an increase in

the number of events causes the necessary storage space to increase and thus the
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experienced duration to increase. He also argued that more storage space is
necessary to store increasingly complex events or an increasingly complex
sequence of events and thus the experienced duration is lengthened.

There is some additional evidence available to support Ornstein’s storage
size hypothesis. Berg (1979) studied the effect of chunking on the estimated
duration using whether information can be encoded following an organisational
schema or not. More specifically, he used social scripts as an organisational
principle that could reduce the amount of information that needs to be encoded.
Participants watched animations of moving geometric shapes (with a duration of
.58 to 3.0 seconds) of which they had to estimate the duration. They were either
told that the shapes were people doing things, or that the shapes were moving
randomly. Berg’s results showed that for durations over 1.6 seconds, the socially
framed stimuli obtain shorter duration estimates. Berg argued that this is because
the labels that are provided by a social framework could help in summarising and
organising the information in an efficient way, reducing the storage size necessary
to represent the stimulus. Similar evidence comes from a study by Mulligan and
Schiffman (1979) who found that when participants are asked to remember a set of
complex line drawings that are ambiguous and uninterpretable by themselves or
verbal descriptions that do not make sense on their own, participants who were
given a “code” to simplify the stimuli or, in the case of verbal descriptions, a
relevant context reported shorter durations than participants who were not given
one. This is consistent with Ornstein’s (1969) observation that when information
can be encoded more efficiently, the storage size decreases and the experienced
duration is shorter compared the duration attributed to a stimulus that can be

encoded less efficiently and therefore requires more storage space.

1.2.3.2.2 Change-based and Contextual Change models

Similarly, Fraisse (1963) argued that subjective duration is proportional to the
number of perceived changes (in: Fraisse, 1984). He claimed that these changes

could either be “the number of events that take place in the outside world and that
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are perceived, or else the number of events that are identified at a perceptive level
and then memorized” (Fraisse, 1984, p. 28). In other words, the internal structure
of a witnessed event that has been memorised could affect the subjective duration
reported by a person. This is very similar to Ornstein’s hypothesis: according to
Fraisse, “Ornstein has adopted the same hypothesis, but has better spelled out the
nature of the changes” (Fraisse, 1984, p. 20). He added to Ornstein’s hypothesis
claiming that although in some cases duration might be constructed based on the
“objective number of changes” (cf. Ornstein, 1969), people might base their
duration estimates on the “number of changes memorized in an individualized
manner” in other (real life) situations (Fraisse, 1984, p. 20).

This notion of individualised manners of memorising was also adopted in
Block and Reed’s contextual change model (1978). They called their model a
contextual change model because “it emphasizes factors surrounding an event or
episode which influence an organism’s encoding of, conceiving of, and responding
to the event or episode” (Block, 1990, p. 29). Like Fraisse (1963), Block and Reed
argued that important changes during an interval affect how long we estimate it to
be (in: Block, 1990). Block and Reed that found that expansion in duration
estimation occurs when changes in “process context” have occurred, for example
when a participant has to use different cognitive processes and encoding strategies
(Block, 1990, p. 24). They argued that this information is encoded and stored as
part of the representation of the event in memory (Block, 1990, p. 24). This
includes changes in task, but also for example environmental changes such as
changing location. This means that when a person retrieves information on the
duration of an interval, the context information is also retrieved. Thus, if more
changes in context are encoded, a participant will use this information to base his
or her duration estimate on as well. This also means that personal encoding
strategies and personal experiences (for example being familiar with surroundings
or not) could affect a person’s duration estimates besides the content of the
interval and the type of judgement given (Block, 1990). However, as these

contextual changes include changes in environmental context, mood and type of
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processing, there is no independent way of measuring the amount contextual
change, which is an issue for the contextual change model (Block, 1990).

Poynter (1989) introduced a particular version of a change-based model, in
which he emphasised the role of what he calls ‘events’. He proposed that the
content of an interval defines duration estimates, and that this content is defined
by the amount and magnitude of “sensory” change that has been experienced.
Furthermore, he argued that the organisation of events should affect duration
judgements. He argued that in every day life, the “salience of events filling an
interval, how discrete they are and how they are organised in the interval are
factors which affect the remembered duration of an everyday interval of time”
(Poynter, 1989, pp. 314-315). He proposed that duration judgements depend on
the number of perceived events, the discreteness of the events and how memorable
they are, depending on how easily the pattern of events can be “chunked” or
reduced for efficient storage and retrieval (Poynter, 1989, p. 316). However, as will
be outlined below, evidence for this model has been limited in scope, not
addressing events as identified discrete segments of everyday experience. Rather,
evidence has been disparate, addressing only aspects of the model. However, the
following will also argue that Poynter’s model proves a fruitful starting point for
building a more specific model of duration estimation that relies on insights from
memory, perception and time estimation literature.

In sum, cognitive models of duration perception are concerned with the way
in which information is encoded, stored, and retrieved. All models appear to have
in common that more stored information seems to lead to longer duration
estimates. However which properties of the stimuli exactly lead to ‘more
information’ or when stimuli can be encoded ‘more efficiently’ has not been
defined clearly and univocally by these models. The following section will therefore
review some of the experimental evidence from studies investigating what
properties of the stimuli and task affect prospectively experienced and

retrospectively reconstructed duration.
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1.2.4 Prospective and retrospective timing

As outlined above, cognitive models of duration perception are concerned with the
mechanisms underlying duration estimation from memory. These models attempt
to describe the relevant storage and retrieval mechanisms that participants use to
reconstruct duration based on the information stored in memory. Hence, these
duration reconstructions and subsequent judgements are retrospective in nature.
As pointed out above, James (1890) was the first to distinguish between a
prospective and retrospective sense of time. In experimental practice, this
distinction refers to whether a participant is aware of the fact that a temporal
interval will need to be judged (prospective paradigm) or whether the participant
is naive to this and will be surprised with an estimation task after the interval or
intervals. In the prospective paradigm participants are enabled to intentionally
encode temporal aspects of the stimuli, or explicitly told to “time” or measure the
stimuli. Block (1990) therefore argues that in the prospective paradigm people
make an estimate of experienced duration (in: Block & Zakay, 1997). In the
retrospective paradigm however people retrieve whatever information they find
relevant from memory to make a duration judgement (in: Block & Zakay, 1997).
Therefore, in the retrospective paradigm people make an estimate of remembered
duration (Block & Zakay, 1997). This distinction is crucial, as different variables
affect the retrospectively remembered and prospectively experienced (judgements
of) duration (Block & Zakay, 1997; see below).

Some studies have explicitly compared prospective and retrospective
paradigms in order to investigate the similarities and differences in mechanisms
underlying both ‘senses’ of duration. One of the most important studies in this field
was done by Hicks, Miller and Kinsbourne (1976) who investigated the difference
in judgment between prospective and retrospective timing. In their study,
participants were asked to sort playing cards (four suits, two colours). Three
conditions were compared: one group was asked to hold the cards and deal them
into one single stack as quickly as possible. Another group was asked to deal the

cards into a red stack and a black stack. A third group was asked to deal the cards
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into four stacks, one stack for each suit. Each participant sorted playing cards for
42 seconds. The rationale behind this paradigm was that in the first condition,
participants will have to process less information than in the second condition, and
similarly both conditions will require less processing than the third condition.
Critically, participants were divided into two groups: the prospective group that
was told that they would later be asked to estimate how long they had spent
dealing cards, but that they should not count, while the retrospective group was
not told anything about these temporal judgments. The results from the study by
Hicks and colleagues revealed that for the prospective group there was an effect of
condition: as expected, the conditions where more information had been processed
seem shorter than the ones where less information had been processed. However
the retrospective group did not show an effect of condition, contrary to what one
would expect based on the storage size hypothesis. Hicks and colleagues argue that
this might be due to the fact that participants do not have an incentive to actually
memorise what they are doing and might therefore not have any reference to an
amount of information stored in memory.

Therefore, Predebon (1996) investigated the effect of active versus passive
processing on prospective and retrospective timing. Similar to Ornstein (1969),
Predebon manipulated the number of “interval events”, which he refers to as
“stimulus quantity” to assess the effect of content on duration estimation
(Predebon, 1996, p. 43). In these experiments, he used sequences of visually
complex patterns at different presentation rates. Participants either had to classify
the stimuli into categories (active condition) or they were not required to do
anything (passive condition). The results suggested that the number of interval
events was positively correlated with the duration estimation for the retrospective
paradigm: conditions with more “events” were rated as longer than conditions with
fewer “events”. However, contrary to Hicks and colleagues’ suggestion (1976, see
above), Predebon’s results did not show an effect of active versus passive
processing. However, although Predebon’s task required active processing (versus
passive viewing), it is questionable whether it required any aspects of memory

(this will be addressed further in Chapter 4). For prospective estimates of duration
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the results indicated that more events lead to shorter estimates of duration for the
active condition. For the passive condition however, the results showed either a
similar effect or no effect.

Extending on Hicks and colleagues’ and Ornstein’s findings, McClain (1983)
investigated the effect of the number of stimuli presented and the level of
processing required on prospective and retrospective duration judgements. In this
study, McClain used words as stimuli, as she assumed that words allow for
different levels of processing: graphemic conversion of a written word can be seen
as shallow processing, while the semantic encoding of (aspects of) a word can be
seen as deeper processing as it is more cognitively demanding. Furthermore,
McClain contrasted intentional and incidental memory conditions for deep
processing, meaning that participants were either instructed to memorise the
stimuli, or they did not receive these instructions. Based on Ornstein’s storage size
model, McClain hypothesised that a greater number of words per interval should
increase the storage size necessary to store the words. Based on Hicks and
colleagues’ findings, McClain hypothesised that the duration estimates depend on
the amount of processing that is performed in an interval, which means that one
would expect an effect of shallow versus deep processing. In addition, McClain
predicted an interaction between the number of words and the level of processing.
Her findings indicated that prospective estimates decrease when the processing
demands increase. However, the level of processing did not affect retrospective
estimates. The retrospective estimates were mainly affected by the number of
stimuli remembered in an interval, regardless of whether the words were
remembered intentionally or incidentally.

In order to further investigate what the differences are between prospective
and retrospective duration judgements, Block and Zakay (1997) conducted a meta-
analysis of articles on the psychology of time. In this meta-analysis, they only
included articles that report research on judgements of durations over 5 seconds.
Twenty research articles met all criteria and were thus included in their analysis.
Their findings indicate that two variables affect retrospective judgements, but not

prospective duration judgements. One of these factors is the duration length that is
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under investigation. The analysis shows that the effect of subjectivity is smaller
when durations are shorter. The second factor is stimulus complexity. The results
show that differences in stimulus complexity lead to significant differences in
retrospective duration judgements, but not in prospective duration judgements.
Conversely, the results also indicate that there is one factor that only affects
prospective duration judgements, namely processing difficulty. The experienced
duration in a prospective paradigm decreases as the difficulty of the task increases.
The authors argue that this is due to the fact that when a task is more difficult,
participants have less opportunity to attend to time. These findings support the
idea that attention should play a central role in models of experienced duration as
measured by prospective paradigms.

In an even more recent meta-analysis, Block, Hancock and Zakay (2010)
investigated the effect of ‘concurrent’ tasks during (incidental) duration encoding
on duration estimation. They find that whether or not stimuli are segmented into
chunks (by the experimental design rather than by the participants) greatly affects
retrospective duration judgements (see below for a discussion of the definition of
segmentation in this context): higher levels of segmentation predict an increase in
the ratio between actual duration and subjective judgement (i.e. stimuli with more
segments seem longer). Furthermore, the familiarity (in terms of continuous
memory strength, cf. Yonelinas, Otten, Shaw, & Rugg, 2005; in contrast with
familiarity in terms of routine, that has been shown to decrease retrospective but
not prospective duration judgements (Avni-Babad & Ritov, 2003)) of the stimuli
affects the duration judgements that people provide: more familiar stimuli lead to
longer estimates, because the number of associations that are retrieved with
familiar stimuli increases. As we will argue below, these results are compatible
with cognitive models of duration estimation: higher levels of segmentation and
familiarity lead to more encoded information in memory, and therefore to longer
duration 