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Abstract
The following thesis aimed to test the empirical support for an embodied memory by
investigating the relationship between power-law structure in auditory stimulation, posture,
and memory performance in tasks of differing cognitive load. The shared power-law framework
offers a common operationalization between manipulated stimulation and measured
movement. We began by manipulating power-law structure explicitly in stimulation, we then
estimated the resulting power-law exponents in movement, and finally, tested for a difference
in memory performance. Participants (N=36) participated in a Corsi Block tapping task with high
and low load trials. While participating, they were exposed to one of three auditory stimuli with
differing levels of power-law structure. Participant performance and movement were measured
and analyzed using detrended fluctuation analysis. Memory performance was analyzed using a
factorial ANOVA. Cognitive load had a main effect on memory performance, but all other
differences were nonsignificant. Future work may need to account for the multitude of power
laws throughout the body that may moderate the response to power-law structure in

stimulation.

Keywords: scale invariance, Corsi block tapping task, memory, encoding, embodiment,

perception-action-cognition



MEMORY AS A CONTINUATION OF MOVEMENT 5

Memory as a Continuation of Movement

Memory is our mental organization of past events, allowing us to make sense of what
might happen in the future (Glenberg, 1997). We organize each remembered event in the
context of other memories in ways that reflect our personal values and goals (Barandiaran,
2016; Barandiaran et al., 2009; Farrell, 2012; Laney & Loftus, 2008; Sargent et al., 2010). This
contextual organization of memory thus entails a hierarchy built from the perspective of the
integrated organism using the memories it creates (Farrell, 2012; Gobet, 2013). For example, a
memory of studying for one exam is nested within longer-term memories of the entire week in
which you studied. The subjective nature of memory is important to note because the
memories we encode describe events we are actively perceiving. Even throughout what feels
like our most passive intake and encoding of events, we are shaping our experience through our
capacity to take in events around us by exploring, directing our focus near or far, and organizing
events into groups or relationships (Glenberg, 1997; Rhodes & Turvey, 2007). This thesis aims
to emphasize the role of movement in memory and the integrated approach of a whole
organism to movement-inclusive memory-based tasks.

This project aims to examine memory as a possibly continuous outgrowth of action.
First, | will review the two aspects in which our memory-based contact with the past is much
like our movement-based contact with the present: 1) riddled with scale-invariant structure,
and 2) involving nested relationships. When paired, these aspects entail a hierarchical
structure. Hierarchy will be established as a focal point for understanding both memory and
sensory experience. | will follow this recognition of hierarchy in memory by reviewing an

analogous hierarchy in bodily movement. These steps will motivate a manipulation of bodily
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movement through auditory stimuli, leading to the eventual question of how that manipulation
might influence memory performance. The current work aims to advance contemporary
theorizing about memory in a way that might inform practical applications in the focus of
attention, support learning, and the treatment of post-traumatic stress.

This thesis takes up an initial experimental test that makes an important step toward
understanding how embodiment might root memory in action. Operationally, this thesis will
investigate how individuals participate in a memory task that specifically requires motor skill
along with memory. The memory task will involve a simple repetitive finger-tapping motion
that requires remembering a spatial pattern. More theoretically, this thesis will seek a
connection between memory and movement, through the mathematical structure of power
laws—a function in which values of “y “ quickly taper off and approach an asymptote as values
of “x” increase.

Power laws are not novel to psychological science, appearing within diverse subfields
from psychophysics (Stevens, 1957; Thomas et al., 2023) to social psychology (Mellado et al.,
2023; Pincus et al., 2018) and appearing in cognitive domains (Beggs & Plenz, 2003) such as
memory (Akyirek et al., 2017; Anderson & Schooler, 1991; Donkin & Nosofsky, 2012a; Donkin
& Nosofsky, 2012b; Farrell, 2012; Gobet, 2013; Pine et al., 2013). Two salient examples of
power laws have appeared repeatedly in the history of the field—and in the present work,
memory. First, we can find power laws named explicitly in the “power law of learning” or of
“practice” (Newell & Rosenbloom, 1980) according to which time or errors on the way to task

completion dwindle as a power function of number of repetitions, i.e., with a negative

exponent on number of repetitions. This proposed “law” appeared first in the work of Snoddy
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(1926) and Crossman (1959), attracted controversy decades later (Heathcote et al., 2000;
Stratton et al., 2007), and survives in nuanced form to the present day (Donner & Hardy, 2015).
Second, and more relevant to memory, there is the power-law forgetting curve first pioneered
by Ebbinghaus and modeled by subsequent memory researchers to the present day (Anderson
& Schooler, 1991; Glenberg, 1976), with ongoing debate providing a similarly nuanced
conclusion that power laws remain widely applicable (Maylor et al., 2001; Radvansky et al.,
2022; Wixted, 2022a; Wixted, 2022b). In both cases, the decreasing power-law model appeals
to the intuitive fact that psychological change (e.g., forgetting or learning) can begin drastically
and then taper off. In both cases, the nuanced conclusion is quite similar: there is not merely
one ideal power function but many. There are limitations to the applicability of these power
functions, but they remain widely useful even in their variations for expressing key features of
psychological processing.

Psychology develops such affinity for and controversy around power laws because they
carry a rather strange and curious mix of obvious and nonobvious theoretical implications. The
curiosity here hinges on two properties of power laws. First, beyond the intuitive idea that
“forgetting or learning starts quickly and tapers off,” there is the compelling feature of scale
invariance in power laws. Power laws maintain the same shape across all ranges of time and
therefore are not bounded by thresholds. Such a trait raises the theoretical question of
whether psychological process might have infinite potential for flexibility—at all scales of
stimulation and response. This specific implication of scale invariance conflict with decades of
theoretical reliance on thresholds and constraints, and it warrants careful inspection as the

background to the present thesis. If the nuance of modern power-law modeling can make
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scale-invariance any more widely palatable, the second property of power laws might have
much to offer psychological theorizing. This second property has crucially to do with what sort
of mechanism is likely to produce scale invariance: scale invariance may reflect hierarchical
organization in which many scales of activity interact across the body of an active organism.
This possibility would thus equip power laws to give formal voice to decades of hierarchical
theorizing of psychological processes (e.g., Anderson et al., 2004).

Scale invariance rests at the heart of this thesis about memory. This thesis will
manipulate scale invariance explicitly in stimulation, it will estimate the resulting scale
invariance in movement, and finally, test for a difference in scale-invariant memory processes.
Hence, before introducing the specific domain of memory and without dragging movement in
as a curious add-on, this thesis will begin with scale invariance at the center of focus. It will
emerge that scale invariance is an organizing theme that may gather both movement and

memory at once into a coherent perspective on embodied memory.

Scale Invariance

Scale invariance is a striking feature of power-law functions. If we imagine a function as
expressing the relations between stimulus and response, a power-law shape for this function
would be a progressive multiplicative change in response with a comparable multiplicative
change in stimulus size (e.g., for every doubling of stimulus intensity/size we might see a
tripling of response size). This multiplicative relationship of response to stimulus remains the
same across all ranges of stimulus size. Since power laws stem from multiplicative relationships,
those relationships continue to exist regardless of the scale at which the power law is

examined. For example, 10 divided by 2 is 5; 5 divided by 2 is 2.5; 2.5 divided by 2 is 1.25, and
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so on. If we continue to do this infinitely, we reach infinitely smaller numbers. We will never
reach zero (Hart et al., 2018; Kello et al., 2008).

Scale invariance seems to contradict the wisdom of a psychological field heavily reliant
on thresholds. In the example of hearing, thresholds tell us when a person can or cannot hear a
sound at a given frequency. It feels intuitive to think of thresholds as rigid, that there is a set
range within which things can occur (one can hear) and outside of that range they stop being
possible (one can no longer hear). But those thresholds may change with scale (Hadlington et
al., 2004; McNeil et al., 2013). Physiological evidence shows flexibility of the thresholds of even
individual neurons (Platkiewicz & Brette, 2010). In the same example of hearing, upon closer
inspection, these rigid thresholds seem to migrate based on factors like age and task
(Brannstrom et al., 2020; Essien, 2023). To continue with the example of hearing, after we
surpass the apparent threshold of what is audible, we can observe infrasound and ultrasound.

Scale invariance provides a formalism within which we can start to understand the
flexibility that seemingly rigid thresholds can show. The scale-invariant nature of relationships
in physiology, movement, and cognition suggests a flexibility of thresholds in which interactions
can take place across scales (Hove & Keller, 2015; Qian et al., 2013; Van Orden et al., 2003).
Scale invariance in embodiment allows psychological science to loosen previously rigid
thresholds and perhaps clarify not just coherence across scales but coherence within an
integrated, whole organism.
Implications of Thresholds: Movement and Memory

To resolve our view of perceiving-acting organisms as embodying both thresholds and

scale invariance, we should acknowledge that the modern perspective on thresholds reflects a
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concern for limitations on finite resources. The mind runs on a plethora of resources under
physiological and thermodynamic constraints as well as the metabolic necessities of the
organism. Thresholds feel implicit in movement, such that the shortest span of time between
waiting to act and an eventual action may be the lower end of a movement threshold. For
example, if a student in a classroom wants to check the time, the minimum energetic costs, and
the time needed to emit a motor command, e.g., to turn toward the clock on the wall, define
the thresholds between no-movement and movement initiation. Similarly, orienting our
movements with respect to external stimulation requires that the external stimulation be
strong enough to activate a neurophysiological response to interrupt the organism’s voluntary
behaviors (Cruse, 1990). For example, a student in a classroom can only take appropriate notes
on a lecture with sufficient auditory or visual stimulation, i.e., the professor lecturing at an
audible volume, the clarity of the content, etc. As for what the student remembers, limited
physiological resources for cognitive processes indicate possible thresholds for memory, i.e.,
attention, length, space, and time (Gold & Park, 2009; Lara, 2023; Nevisipour et al., 2023). The
limited physiological resources coupled with the limited storage capacity of neural pathways
ultimately results in forgetting. As each moment passes, there are new memories to encode
and limited space to store them in. We have a short span of time we can hold onto memories
before encoding new information. The finite capacity for these resources entails limits on the
length of storage (Anderson & Schooler, 1991).

Despite these constraints, both movement and memory have the flexibility to exist
beyond many of the thresholds we might foresee within these constraints. In studying

movement, there seems to be no span of time in which the organism does nothing or is
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perfectly still. There are progressively smaller-scale movements that exist before an organism
decides to look at the clock (Marlow et al., 2015; Stephen & Anastas, 2011). Though visually
undetectable to casual observation, systematic measurement of the body shows a nested
structure in movement that persists across even the shortest measured scales of time, with
larger movements growing continuously as a power-law function of time scale (Van Orden et
al., 2003). If we return to the student in a classroom, this persistence of movement over
multiple time scales would mean that in order to raise their hand to ask a question, the student
is not emitting a simple motor command, rather there is a vast network of small-scale
movements occurring at all times to develop larger-scale movements. There is no quiescent
time period after which movement can begin, and the slowest, largest, and most deliberate
movements grow continuously along the same power-law relationship from the quickest,
smallest, and least voluntary movements. Thus, no matter the physiological threshold or any
single motor neuron, we see the behavior of the organism is brimming with activity, with its
many physiological details goading each other into action—even at the shortest time scales
(Dewey, 1948). Goal-directed movements do not manifest in any clear break or phase shift
from the smallest twitches. Rather, the scale-invariant growth of movement size across time
scale indicates that human response extends beyond any single cutoff point.

The finite resources of memory may also extend beyond thresholds. Whereas the
previous example of movement focused on exploring lower thresholds, scale invariance may
explain the extension of memory past the larger threshold. If we consider the classic forgetting
curve that depicts the number of remembered items (the vertical axis) across tests

progressively later in time (the horizontal axis), we can see an initially rapid but then more
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progressively gradual decay of studied items in memory (e.g., Ebbinghaus, 1880). The tails of
these forgetting curves stretch outward towards a later time, becoming thinner as the mind
loses progressively more of its remembered content. Cognitive psychologists have spent
considerable time trying to find the best-fitting model, and that best-fitting model appears to
be power-law (Anderson & Schooler, 1991). Power law evidence of scale invariance supports
this persistence across time. Besides clarifying models of memory performance, this finding has
several implications for forgetting. Forgetting occurring in a scale-invariant fashion opens the
possibility of a lack of finite bound on the time that one can hold a given memory. A scale-
invariant model of forgetting would show power-law decay in which the loss of remembered
content would occur at first rapidly but taper off toward zero (the point at which there would
be no memory). Power-law-like forms appear throughout memory performance (Healey et al.,
2019), e.g., in classic forgetting curves, in the distribution of inter-retrieval time intervals in free
recall, and the distribution of retrieval in prospective memory (Chater & Brown, 2008; Rhodes
& Turvey, 2007). Scale-invariant power-law distributions show up all through the body, both in
the neurons that process information in the brain (Beggs & Plenz, 2003; Platkiewicz & Brette,
2010) and the body that collects and integrates these neural events. However, as previously
discussed, these models never reach zero, and therefore extend infinitely. A power law would
model forgetting as occurring very slowly over time and would support that forgetting occurs
across scales (Donkin & Nosofsky, 2012a; Donkin & Nosofsky, 2012b).

The interactivity of small-scale detail within a larger-scale context may reflect properties
of scale invariance. This would reflect internal organization within the organism (Abney et al.,

2021; Kello et al., 2010). It may not simply be coincident similarity across independent scales
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but rather reflect interactivity across scales—within the processes of and across an integrated
organism. While scale-invariant structures within individual processes (e.g., either memory or
movement alone) suggest internal coherence, scale-invariant structure in multiple processes
may indicate coherence and continuity across a whole, integrated organism (Grosu et al., 2023).
That is, the multiplicative relationships that keep the power law from vanishing may reflect
nonlinear interactivity linking multiple scales of activity into a coordinated action (Favela et al.,
2021). This continuity may imply that these processes may equally support and be supported by
each other (Holden et al., 2009; Holden et al., 2011; Kello et al., 2010; Van Orden et al., 2003).
Consider the hypothetical example of writing the letter “a”. The memory of how one learned to
write the letter “a” informs one’s future movements when writing future letters. These
movements then inform how the letters are remembered. It is possible that there are scale-
invariant multiplicative relationships linking the movement system on its fine-scale response
and the memory system on its large-scale organization of events. The overlapping of scale
invariance across the structures supporting an organism may imply that scale invariance is not a
bug, but a feature of an integrated organism. Contextual features, such as sound (Kelty-Stephen
et al., 2023), goals (Barandiaran, 2016), and orientation in the environment (Johnston & Turvey,
1980), act as mechanisms through which the integrated nature of the organism becomes
apparent.

This theoretical connection could point us directly toward an embodiment of memory in
human subjects: if our new memories grow from action, and our action stems from our
memories, the similar trait of scale-invariance may not only be informative for embodied

memory but a requirement of an integrated organism. The shared trait of scale invariance
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between memory and movement might not be purely of coincidence, but rather a reflection of
internal coherence across bodily systems. To demonstrate such an effect, we must include a
task that utilizes movement in the service of memory. To make these claims about the role of
scale invariance testable, we must operationalize scale invariance with a single parameter
standard to both auditory stimulation and movement.

Narrowing Down to One Parameter

This theoretical approach tests for a common thread of scale invariance throughout the
organism. The common power-law framework of scale invariance offers a common
operationalization between manipulated stimulation and measured movement: strength of the
scale invariance—encoded as a power-law exponent H (or the Hurst exponent), described
below, specifically addressing a power-law form of temporal sequence. In the examples of
twitching, turning, flipping, and taking notes, the size of the movement itself increases with
time scale. If we were to then use densely sampled motion capture to measure the student in
our example, we would likely find scale invariance within this growth of movement size with
time scale.

Classically, psychological science has used linear autocorrelation and power spectrum
analysis to understand memory — construed statistically — in a time series measurement. By
looking at memory with a time series measurement, it is possible to find correlations between
moment-to-moment variations (Box et al., 2015; Cohen et al., 2013; Wagenmakers et al., 2004).
Both linear autocorrelations and power spectrum analyses show power-law structured decay
(Chater & Brown, 2008; Granger & Joyeux, 1980; Wiener, 1964). Empirical research often

estimates power-law structure as a specific power-law decay of amplitude with frequency (e.g.,
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in Fourier spectra)-- that is, a specific relationship of “how big” with “how often.” The size of
changes across time will decay with progressively higher frequency (i.e., as those changes
happen faster the changes shrink). We can encode the strength of the power-law structure
using a parameter, specifically the exponent H indicating how the standard deviation of
fluctuations grows with time (e.g., SD ~ t"). Values of H closer to 0.5 indicate randomness or a
lack of temporal structure, and those closer to 1.0 indicate correlations of movement size
across progressively larger timescales (Mandelbrot & Benoit, 1985).

We can use H as a common language for understanding both stimulation and movement
during a memory task. For instance, it is possible to measure movements in time and estimate
H by calculating the growth of movement SD over very many time scales (Peng et al., 1995). To
test the claims of the current thesis, we must manipulate H. It is also possible to generate and
manipulate stimulation with progressively higher or lower H values.

Memory has historically been studied alongside auditory background noise (Baker &
Holding, 1993; Bell, 1984; Carlson et al., 1997; Duarte et al., 2023; Han et al., 2020; Hayashi &
Igarashi, 2009; Herff et al., 2020; Kim et al., 2023; Manippa et al., 2024; Marrone et al., 2015;
Skarlatos & Georgiou, 2001; Séderlund et al., 2010; Séderlund et al., 2007; Talamini et al., 2022;
Weinhold et al., 2022). Often in studies such as these, the auditory stimuli are simply described
as background noise or left altogether undescribed, in which case we can assume that the study
implements uncorrelated sound stimulus, known as white noise. When said background noise
includes a white-noise condition, whether explicitly stated or otherwise, the study can be
understood to have used noise with an H exponent of 0.5 (white noise). Making H explicit

allows us to experimentally evaluate the effects of scale invariance by manipulating the H of
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auditory stimulation (e.g., Hove & Keller, 2015; See Figure 1). Additionally, there is research
examining scale invariance in auditory stimulation (Blackwell et al., 2016; Geffen et al., 2011;
Hove & Keller, 2015; Mandelbrot & Van Ness, 1968). However, as noted above, the open
guestion is whether the scale invariance in auditory stimulation might support memory
specifically by resonating with the movement system and cultivating greater scale invariance in
movement. We can evaluate whether this scale-invariant stimulation is impacting the scale
invariance of the movement system enlisted to enact the memory task by designing
background noise to include various fluctuations using explicit manipulations of H to generate
the random stimulation. We can then measure the effect of the manipulation of H on
performance.

This thesis will test the degree to which changes to the power law structure within
background noise might affect the power law structure of the movement system. We used H to
parameterize sequential correlations across intervals between metronome onsets (i.e.,
"beeps") on average 1 second apart with a standard deviation of 0.05 seconds in the conditions
with manipulated H values (See Figure 1). Different H exponents entail auditory stimuli with
different temporal sequences thus changing the power-law structure stimulating an organism
(Kelty-Stephen & Dixon, 2013a; Kelty-Stephen & Dixon, 2013b; Raffalt et al., 2021a; Raffalt et
al., 2021b; Raffalt et al., 2023a; Raffalt et al., 2023b). To ensure the organism absorbs or
attunes to the temporal structure of the stimulation, we can measure the power-law structure
in bodily movements such as the movement of the torso (Kelty-Stephen & Dixon, 2013a). This
movement can then be used to calculate the H exponent of the power-law structure in

movement (Holden et al., 2011). This effect of scale-invariant auditory stimulation on the
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movement system could potentially impact memory performance beyond traditional factors

such as cognitive load.

Figure 1

Temporal structure in amplitude waveforms of three different auditory stimulation

Pink

- - - - - -
White

- - - . -
Periodic

- - - - - -

Note. Shows the difference in temporal structure on the sound stimuli over an interval of
approximately 6 seconds. Each group of lines represents one onset. In the periodic stimuli
(bottom) each interval between beeps is the same length. For white noise (middle) the length
of each interval is random, that is, short onsets do not necessarily follow short onsets. In the
pink noise condition (top), short intervals are often followed by short intervals, and long
intervals are followed by long intervals. This is due to the difference in H-values. White noise
has an Hurst exponent (or H) of close to 0.5 whereas pink noise has an H exponent of closer to

1.0.
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Scale Invariance Supporting Memory through Cross-Scale Interactions

The standard operationalization for scale invariance across scales using the H parameter
allows us to formalize movement as supporting memory in an integrated organism. As
previously noted, a powerful explanation for the existence of power-law structure in a system is
interactions across time scales. With this in mind, these “cross-scale interactions” may become
a mechanism by which hierarchical processes, such as memory and movement, support one
another.

To understand exactly what cross-scale interactions mean, we can return to the
example of learning in the classroom. At the longest scale of our example, the student in a
classroom is in pursuit of the goal of learning. At the finest scale, we have the eventual on-
command recall of a newly learned concept. To cross the distance between these timescales,
the student may tailor a response, such as raising a hand, to a keyword from the professor.
Between the goal of learning and its achievement, there are intermediary-scaled events, with
each involving some form of movement. On a yet longer timescale, a student attending a
lecture with the goal of learning must stare in the right direction, move their eyes to read the
professor’s presentation and maintain an upright posture. Not only does the student then use
this information to encode what is being learned, but the student then uses the same
information encoded for retrieval. Scale invariance is suggestive of fine-scale interactions
supporting large-scale interactions. With the understanding of scale invariance as occurring in
both the memory and movement systems, we can explain the way in which the systems of an
organism may be connected. Such cross-scale interactions might explain how an organism uses

its whole body to develop its memory to make sense of its memory.
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Memory is the organization of information collected based on the goals and perspective
of a perceiving-acting organism (Barandiaran, 2016; Barandiaran et al., 2009; Blau & Wagman,
2022; Izadifar et al., 2023; Laney & Loftus, 2008). Traditional models have diminished the
importance of the movement system within memory. Instead, these models opt to isolate
movement to procedural memory if including it in the memory system at all (e.g., Tulving,
1985). More embodied approaches aim to emphasize that movement is more integral to the
memory system than previously discussed (Barsalou, 2007; Barsalou, 2009; Dutriaux &
Gyselinck, 2016; Glenberg, 1997; lani, 2019; Marre et al., 2021; Park et al., 2023; Sutton, 2006;
Trakas, 2021; Vitale et al., 2021). Embodied perspectives try to root cognition in action,
suggesting that memory content has a structure reflecting bodily exploration collecting the
information from the environment, e.g., searching, walking, or touching (Kelty-Stephen &
Dixon, 2013a). Embodied perspectives emphasize that movement and memory systems support
each other. For instance, if we expect memories to seamlessly support action, then we should
expect memory processes to situate information in terms of movement. Therefore, recall could
be an embodied extension of movements that supported original storage and encoding. As
such, further movement might rest on that same storage and encoding. With an understanding
of typical cross-scale interactions within power-law structure, we can begin to look at these
seemingly separate systems as interacting.

A logical next step then would be to examine how cross-scale interactions may fit into
modern memory theory. We can see this in the hierarchical structure of memory as outlined in
many dominant models (Anderson et al., 2004; Holden et al., 2009; Kello et al., 2008; Van

Orden et al., 2005). The next section will detail the possible complementary nature of cross
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scale interactions to modern memory theory. Specifically, cross-scale interactions between the
movement and memory systems may explain the development of hierarchical memory

structure in a goal-pursuing organism.

Hierarchy: Scales and Chunks

Even without an explicit interest in scale invariance or power laws cross-scale
interactions are prevalent in much of memory theory, e.g., the contribution of short-term and
long-term memories is regularly invoked in prevailing summaries of performance (Atkinson &
Shiffrin, 1968). We see these cross-scale interactions through hierarchy, an important feature

of most classical memory theory.

We can recognize hierarchy in memory through two crucial features: scales and nesting
relationships. First, scale is a well-known facet of memory. We can remember specific, fine-
scale information or overarching, large-scale information. Second, memory processes can zoom
in on coarse time scales or zoom out from finer ones, i.e., chunks are nested in other chunks
(Atkinson & Shiffrin, 1968; Ekuni et al., 2011; Gilbert et al., 2015a; Malamberg et al., 2019;
Miller, 1956). Nesting of chunks across many time scales could support the emergence of scale
invariance and cross-scale interaction in the form of power laws (Ericsson, 2013; Farrell, 2012).
This nested kind of structure is not only in the mind but, as previously discussed, is also in the
body. Embodied approaches insist that movement supports memory through cross-scale
interactions, and the alignment of scale invariance in memory and movement is a clear support
for this theoretical connection. To further solidify this point, however, there must be evidence
of interactivity between these scale-invariant patterns. The two scale-invariant processes must

interact in some way to truly support an integration of the memory and movement system.
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The theoretical alignment of scale-invariant structure in multiple psychological
processes then leads to the question of whether we could find scale-invariant stimulation
influencing scale-invariant movement to support memory. To begin to answer this question, we
will need to also use a memory task in which overt movement is essential for task completion.
The empirical work in this thesis aims to test whether this manipulation leads, first, directly to
differences in estimates of H in measured postural sway and, second, to better memory

performance.

This thesis intends to articulate that scale-invariant movement can become an explicit
parameter for supporting cognitive memory. As discussed, the echoes of scale invariance
throughout bodily movement and memory may not be purely coincidental but may reflect the
embodied roots of memory within an integrated organism. If power laws entailed in
embodiment support the power-law structure of memory, introducing power-law structure into
ambient stimulation might influence memory performance. So, for this thesis, | needed a well-
established memory task in the cognitive psychological tradition that enlists a clear, overt
movement contribution.

Connecting Movement to Memory: A Methodological Example

To bring movement into the same frameworks as memory, this thesis uses the Corsi
block tapping task (see Figure 2). The Corsi block tapping task measures memory of spatially
situated sequences and concerns how memory is challenged by the complexity of its layout. In
the task, nine blocks are placed on a table. The participant watches the researcher tap a
sequence of blocks. The participant is then cued to tap the blocks in the same order as shown.

The researcher then scores the participant in terms of accuracy. The Corsi block tapping task
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has been used across cultures and ages in both cognitive (Berch et al., 1998; Camp et al., 2023)
and neuropsychology (Berch et al., 1998; Callahan et al., 2022; Zsebi et al., 2023). Originally,
Corsi (1972) developed this task to study short- and long-term memory. Since then, the task has
been adapted to include many different methods, sizes, and extents of movement (Arce &
McMullen, 2021). The Corsi task affords memory research an easy manipulation of cognitive
load, in terms of number of blocks and spatial crossings. The number of blocks tapped and the
times a participant must cross the array of blocks in a series have been shown to affect the
difficulty of the task itself (Orsini et al., 2001). Increasing difficulty of the spatial path may
increase the demand on motor planning, with more blocks and crosses complicating the

planned movements.

Figure 2

Corsi block tapping task as seen by participants.
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Note. The figure shows the layout of the blocks as viewed by participants during the Block
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Tapping Task. The layout of blocks is based on the work of Orsini et al. (2001).
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The current thesis adds auditory background noise to the task to experimentally
introduce scale invariant structure. Curiously, in surprising relevance to the current work, there
is interest in the impact of ambient background auditory stimulus on Corsi task performance
(Stahl & Marentakis, 2017). However, in line with much of modern memory theory, studies on
this topic presume (as many previously mentioned studies do) that the default setting on
background noise is an H of 0.5. Studies thus far have not specifically tested the impact of scale-
invariant auditory stimuli on memory nor its support by and of the movement system. The
parameter H offers a continuous range across which to compare the uncorrelated and non-
scale-invariant pattern of white noise with the correlated, scale-invariant pink noise. The
current thesis aims to take a step towards remedying this oversight and study the impact of

pink noise, an H of 1.0 on movement and subsequent memory performance.

The methodology used in the current thesis introduces auditory stimuli to perturb
ongoing exploratory movement while in the middle of completing a cognitive task (Hart et al.,
2018). Previous work has used scale invariant stimuli with similar results (e.g., Kelty-Stephen et
al., 2023; Raffalt et al., 2021a; Raffalt et al., 2021b; Raffalt et al., 2023a; Raffalt et al., 2023b).
Extending this relationship to include memory would necessitate demonstrating the
relationship between scale-invariant stimulation interacting with scale-invariant movement
while showing eventual support for memory. Exposing participants to scale-invariant auditory
stimuli might perturb their postural sway (Kelty-Stephen et al., 2023). Of course, various
embodiment-agnostic theories of hierarchical psychological processing (e.g., Anderson et al.,

2004) might not see background noise as having any principled implications for cognitive
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performance. However, the proposed connection follows directly from an embodied
perspective on cognition that interprets scale-invariant patterning as the product of cross-scale
interactions. The proposed study would then need to include a memory task that directly
involves movement. The Corsi block tapping task shows participants a path through a series of
blocks (See Table 1.). Participants are then told to recreate the path they were shown, tapping
each block in sequence. The difficulty of the task increases as longer sequences are used and as
more crosses are added to the sequence (Orsini et al., 2001; See Figures 2 and 3). Cognitive
load was manipulated by developing sequences of six blocks with directional changes (i.e., the
path changes from moving in one direction-- left, right, up, or down-- to another direction) and
crosses (i.e., the path between blocks crosses over a previous path of the same sequence). High
load trials contained as many as 4 directional changes and 5 crosses, and as few as 3 directional
changes and one cross. Low load trials contained as many as 4 directional changes and 1 cross,

and as few as 1 directional change with no crosses.
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Table 1

Corsi block tapping task conditions and paths

High Load Low Load
376295 279563
854193 895314
167342 631247
927138 789312
643981 984136
467329 369742
286734 247863
591463 236954
782619 789612
541928 421598
625341 563124
826417 124769

Note. Both conditions are experienced by all participants. Load is defined by directional
changes (i.e., the path changes from moving in one direction-- left, right, up, or down-- to
another direction) and crosses (i.e., the path between blocks crosses over a previous path of
the same sequence). Participants randomly received one of three possible path orders.
Participants randomly experienced the high or low load condition first. Low load paths were

developed as simplified versions of the high load paths (Orsini et al., 2001).
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Figure 3

Corsi block tapping task with example paths.

Note. Shows an example of a path as viewed by participants during the Block Tapping Task. The
layout of blocks is based on the work of Orsini et al. (2001). The image on the left shows a low-
load path (279563). The image on the right shows a high-load path (376295). See Appendix B

for all paths.

Hypotheses

The current thesis holds two main hypotheses. The first hypothesis addresses the
impact of noise and cognitive load on posture: Increased H in stimulation will lead to an
increased H in posture. | anticipate a main effect of cognitive load on posture (1a) and of
auditory stimulation on posture (1b). Though the literature does not support a directional
hypothesis, | anticipate an interaction between noise and cognitive load on posture (1c), such
that values of H will change as cognitive load changes (MacKenzie, 2013; Slifkin & Eder, 2014;

Tinker & Velazquez, 2014).

The second hypothesis addresses the impact of noise and cognitive load on memory
performance: | anticipate a main effect of noise on memory performance such that participants

will perform best in the memory task when presented with the pink noise condition (2a). | do
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not anticipate any difference in performance between the periodic and white noise conditions.
| predict a main effect of cognitive load on memory performance such that participants in the
low load condition will do better than the high load condition (2b). Finally, | expect to see an
interaction between temporal correlation in stimuli and cognitive load condition (2c), such that

pink noise will lead to better performance, with a ceiling effect in the low load condition.

Method

Participants

Thirty-seven SUNY New Paltz Community members participated in this study. Subject
pool participants received three SONA credits for participation in the study toward introductory
psychology requirements or graduation requirements. Alpha Phi Omega members received 0.5
service hours toward a total requirement of 30 service hours every semester. A number of
participants were volunteers who received no reciprocation. One participant, participant 05,
was excluded from the final sample due to a corruption of the data file. The final sample
consisted of 8 men, 23 women, and 5 gender nonconforming/non-binary students. The average
participant age was 21.33 years, with the sample ranging from 18 to 31 years old. Each auditory
condition consisted of 12 participants. In advertising the study, individuals with atypical gaits
were asked not to participate. Advertising was exclusive to individuals with or pursuing a
college degree to ensure cognitive ability.

White-noise stimulation has had effect sizes ranging from f = .305 and .362 to .670 (Han
et al., 2020; Luy et al., 2020; Usher & Feingold, 2000) but pink noise has a larger effect f = .674
(Luy et al., 2020). According to G*Power 3.1.9.6 (Erdfelder et al., 1996), these effects reach 80%

power at total sample sizes of 81 or 60 and as small as 21 for 3 x 2 mixed designs. Given the
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primary interest of the current study is the stronger case of power-law structure in pink noise, a

sample size between 21 and 60 is ideal.

Materials

The block tapping task used nine blue wooden blocks, each 0.8” in diameter, placed on a
17”x13"” grid. The task took place on a table approximately 30 inches tall.

Postural sway measurement require a harness (See Figure 4) that can hold a
smartphone measuring accelerometry-- while leaving the phone accessible for the researcher
to use. The researcher also required access to an app that accurately measures and saves
accelerometry files. The current study used SensorLogger. Though this is a third-party app, the

anonymous data remained on the phone for downloading and eventual analysis.

Figure 4

Image of harness worn by participants.

4

Note. Image of the harness used in the current study. The smartphone was facing the

researcher on the participant’s back.
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Design

The proposed study used a 3-level (auditory stimulus) x 2-level (cognitive load) mixed
design. There were three auditory conditions. Each condition consisted of beeping at different
intervals (a periodic condition, a white noise condition, and a pink noise condition), and
remaining at a constant decibel level. There were 12 participants in each condition.

Participants performed Corsi tasks in both levels of a cognitive load condition. Over 24
trials (12 different block configurations for each level of cognitive load), the researcher
measured performance (correct trials vs. incorrect trials) and postural sway through
accelerometry using a personal smartphone (Kelty-Stephen et al., 2023). Each trial consisted of
an instructed path along a sequence of six blocks followed by the participant’s remembered
path. Trials were intended to have 4 crosses in the high load condition and 3 or fewer in the low
load condition (Orsini et al., 2001). Due to inconsistency within the block-tapping task
literature, and the need for longer block sequences in the current study, this criteria was
slightly adjusted such that both crosses and directional changes of the spatial path were used to
develop high load trials. Said trials were simplified using the same method as Orsini et al (2001).
Trials in the high load condition had a maximum of 3 crosses and 5 directional changes with a
minimum of 1 cross and 2 directional changes. Those in the low load condition had a maximum

of 1 cross and 1 directional change with some not including and crosses.
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Procedure

Once verbal consent was obtained, a harness was placed on the participant’s torso such
that the smartphone was held on the participant’s back. The volume of the auditory stimulus
was measured to be about 50db. The participant was then handed the headphones and cued to
put them on. The participant confirmed that the volume of the stimulus felt comfortable.
Accelerometry was recorded for each trial and the auditory stimulus looped for the study's full
duration, approximately 15 minutes.

For each trial, participants were shown one of twelve block sequences, tapping on each
block with the pointer finger on their dominant hand. The participant then repeated the
sequence. Each sequence consisted of six blocks. After repeating the sequence, the researcher
manually recorded the trial as correct or incorrect. For a trial to be marked as correct, the full
sequence was repeated correctly. Once participants completed the first load condition, the
researcher began a new accelerometry recording while ensuring consent was maintained. Each
participant received the same twelve low cognitive load sequences and twelve high cognitive
load sequences but in random order. Half of the participants received the low-load condition
prior to the high-load condition and the other half received the high-load condition before the

low-load condition.
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Data Analysis

Data analysis consisted of a 3-level (auditory stimulus) x 2-level (cognitive load) mixed
ANOVA on number of correct trials, fractal analysis of absolute value of displacements in
postural-sway accelerometry to determine whether auditory stimulus (between-subjects
variable), cognitive load (within-subjects variable), and their interaction will influence the H
exponent of postural-sway, and a second 3-level (auditory stimulus) x 2-level (cognitive load)
mixed ANOVA on the H exponent in postural-sway.

The current thesis used detrended fluctuation analysis (DFA) of bodily movement to
develop average H values for participants across trials (Peng et al., 1995; Hardstone et al., 2012;
see Appendix A). Power law exponents reflect the growth of fluctuations over time (as
discussed in an earlier section) and therefore require testing that allows for the statistical
observation of said growth. In discussing movement, we must also consider detrending due to
the impact of idiosyncrasies of the task on our estimates of H. For example, the current study
included crosses in the Corsi block task, some crosses being larger than others. Participants will
show large fluctuations in movement based on the requirements of the task, resulting in a less
reliable measure.

Results

Hypothesis 1: Postural Sway

1a. A repeated measures ANOVA showed that cognitive load condition also did not have
a main effect on the Hurst exponent of postural sway (Mhigh/pink = 1.08, SDhigh/pink =.0827;
Miow/pink = 1.10, SDiow/pink = .0855; Mhigh/white = 1.07, SDhigh/white = .0606; Miow/white = 1.06, SDiow/white

=.0611; Mhigh/periodic =1.08, SDhigh/periodic =.0401; Mlow/periodic =1.08, SDIow/periodic= .285; F(1;33) =
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.793, p = .380; see tables 2 and 3see Appendix C for all descriptives).

1b. Noise condition did not have a main effect on the Hurst exponent of postural sway

(F(2,33) =.797, p = .459)

1c. There was no interaction between Hurst exponent of posture and cognitive load

condition (F(2, 33) = 1.283, p =.291).

Table 2

Effect of Hurst in Noise condition on Postural Sway Within Subjects Effects

Sum of df Mean Square F p n%
Squares
Hurst 0.0130 1 0.0130 0.777 0.385 0.025
Hurst x 0.0420 2 0.0210 1.258 0.299 0.077
Noise
Hurst x 0.0107 1 0.0107 0.640 0.430 0.021
Load
Order
Hurst x 0.0286 2 0.0143 0.857 0.434 0.054
Noise x
Load
Order
Residual 0.5005 30 0.0167

Note. Type 3 Sums of Squares
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Table 3

Effect of Hurst in Noise condition on Postural Sway Between Subjects Effects

33

Sum of Mean F p n%
Squares Square
Hurst 0.0294 2 0.0147 0.80261 0.458 0.051
Hurst 1.33e-4 1 1.33e- 0.00729 0.933 0.000
x 4
Noise
Hurst 0.0590 2 0.0295 1.61395 0.216 0.097
x Load
Order
Hurst 0.5486 30 0.0183
X
Noise
x Load
Order

Note. Type 3 Sums of Squares

Hypothesis 2: Cognitive Load

2a. Noise did not have a significant effect on performance (Mhigh/pink = 5.75, SDhigh/pink

=3.77; Mlow/pink =7.67, SDIow/pink =2.70; Mhigh/white =3.75, SDhigh/white = 2.96; Mlow/white =7.50,

SDiow/white = 2.88; Mhigh/periodic =5.67, SDhigh/periodic =3.03; Mlow/periodic =8.92, SDlow/periodic = 2.81; see

Appendix D for all descriptives), such that F(2, 33) = 1.20, p = .313. However, there is a slight,

nonsignificant effect of pink noise compared to white noise in the high load condition (see
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Tables 4 and 5).

2b. There was a significant effect of Cognitive load on performance such that F(1,33) =
37.29, p < .001. There also was a significant impact of load order on performance such that
participants who experienced a decrease in difficulty (high-load then low load) did better in the
block-tapping task than those who experienced an increase in difficulty (low load followed by
high load; F(1,30)=5.62, p=.024, n?p =.158).

2c. No interaction was observed between Noise and Cognitive load on performance

(F(2,33) =1.26, p = .296).

Table 4

Effect of Noise Condition on Performance Within Subjects Effects

Sum of Mean £ )
Squares Square P Tr
Performance 159.01 1 159.01 36.814 <.001 0.551
Performance x Noise 10.78 2 5.39 1.248 0.302 0.077
Performance x Load 401 1 401 0929 0343 0.030
Order
Perf Noi
erformance x olse x 711 2 356  0.823 0.449 0.052
Load Order
Residual 129.58 30 4.32

Note. Type 3 Sums of Squares
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Table 5

Effect of Noise Condition on Performance Between Subjects Effects

Sum of Squares df Mean Square F p n%
Noise 34.3 2 17.2 1.38 0.267 0.084
Load Order 70.0 1 70.0 562 0.024 0.158
Noise x Load Order 27.4 2 13.7 1.10 0.345 0.068
Residual 373.6 30 12.5

Note. Type 3 Sums of Squares

Discussion

Implications about manipulations

Despite null effects in the current study, developing a method for observing empirical
evidence of the theoretical interaction between the memory and movement systems continue
to provide interesting avenues for not only future memory and movement research but could
also organize the evidence from previous studies in clearer terms. Scale-invariant stimuli can
lead to significant effects on cognitive functions such as gait stabilization (Priplata et al., 2003;
Priplata et al., 2005, Stephen et al., 2012; Galica et al., 2009; Aboutorabi et al., 2017; Miranda
et al., 2016) and distance replication (Kelty-Stephen et al., 2023). By manipulating scale
invariance via the H exponent, we can further study the complex integration of bodily systems
within an organism.
Limitations to Consider in Future Work

The current study's null effects can be attributed to several external factors. More

importantly for replications, there are several possible aspects of the study design that could
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benefit from reconsideration. Specifically, the scoring of trials and length of time scales within
the block-tapping task should be considered in studies of a similar nature.
Scoring of Trials

The dichotomous nature of the traditional operationalization of performance in this task
left little room to capture variation between the intended path shown by the researcher and
the remembered path. Cognitive load in the current study was scored based on accuracy, such
that if a participant displayed any path outside of the intended path, the trial was marked as
incorrect. For example, many participants tapped the correct blocks in the wrong order. This
was marked as incorrect in the current study but is less incorrect than the participant tapping
blocks that were not included in the intended path. Future work could account for this
spectrum of correctness by recording which blocks are tapped by the participant in each trial.
Other methods of scoring performance in serial memory tasks include using the edit distance,
or the number of edits required to make the current sequence match the intended one

(Gonthier, 2023).

Longer Time Scales

Additionally, the current study looked at the effects of ambient background noise across
24 trials of the Corsi task. Elaborations on this task could benefit from more variation within
and between participant trials (i.e., longer sequences, more time between the showing and
repeating portions of the task, etc.). The reasoning for such an adjustment to the task comes
back to the previously discussed need for more variability between trials. Longer time scales
could strengthen our estimate of what movement is most common over the course of a

participant’s performance. If such is the case, longer timescales of performance would lead to
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more variability. Thus, allowing for a better glimpse of the common movement associated with
the current Corsi task and strengthening the signature of deviation from that common
movement.
Stronger Manipulations

It is possible that the manipulations used in the current study were not strong enough
to elicit significant effects on performance. Future replications may consider raising the SD of
the intervals between onsets in the pink and white noise stimulation. The SD of 0.05 seconds
between onsets in the pink and white noise conditions may have been too slight for
participants to have noticed or attended to. Additionally, it is possible that the block tapping
paths used were not different enough in load level to impact postural sway despite being strong
enough to elicit difference in performance. One block-tapping trial in the low load condition
was made up of 4 directional changes and 1 cross. This trial could be compared to one of the
high load trials that featured the same number of directional changes and crosses. This
occurred because of a scaling error when enlarging the Orsi et al., procedure. Despite this error,
the difference in performance between load conditions remained significant. Future iterations

of this work should use larger blocks to avoid issues of scale.

Order Effects
The current study looked at cognitive load as a within subjects variable. Because of this,

it is imperative to consider order effects of on performance. A repeated measures ANOVA was
conducted to determine the impact of load order on performance in the block-tapping task.
Participants who experienced a decrease in difficulty (high-load then low load) did better in the
block-tapping task than those who experienced an increase in difficulty (low load followed by

high load; See Tables 4 and 5). Because of this, there is room to be concerned about carryover
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and practice effects that impacted performance. Replications should consider studying

cognitive load as a between subjects variable.

Future Directions

The null effects of the current thesis further solidify the need for research clarifying the
nature of interactions across scales within an organism. The null findings of the current study
show us that embodied cognition either is not empirically supported or requires a different
approach than that of the current study. Additionally, they provide us with an understanding
that other forms of analysis may better examine the possible interactions between systems
within an organism. Organisms function within the world based on both internal factors (such
as goals) and external factors (the environment). We must consider that the effect of external
stimulation (such as auditory stimulation) depends on the organism’s own variations in
movement (Kelty-Stephen et al., 2023). There may be deeper ways in which the participant’s
own bodily variations that they brought willfully to the task reshaped the effects of the
stimulation. These intentional, bodily variations can be tied to the ecological concept of agency.
Agency refers to the egocentric and active role of the organism within its environment (Carello
et al., 2012a; Van Yperen, 2003). The bodily movements we explored through H are only a
glimpse into the scale invariance within an organism. Bodies exhibit much more than one
power law at a time, resulting in the need for a “multifractal geometry” (Kantelhardt et al.,
2002; Kelty-Stephen & Wallot, 2017). With a multifractal approach, we could begin to examine
the many scales of scale invariant structure within the organism. In doing so, we could better
examine the agentic properties of movement and the possibility of other bodily systems

impacted by goals and perspective, such as memory (Barandiaran, 2016; Barandiaran et al.,
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2009; Kelty-Stephen & Wallot, 2017). Actions in the present, on many scales, determine what
our memories consist of. With more empirical work, a theory of memory featuring agency could
expand our current theoretical models toward a more intentional exploration of the

environment.



MEMORY AS A CONTINUATION OF MOVEMENT 40

References
Abney, D. H., Paxton, A., Dale, R., & Kello, C. T. (2021). Cooperation in sound and motion:
Complexity matching in collaborative interaction. Journal of Experimental Psychology:

General, 150(9), 1760-1771. https://doi.org/10.1037/xge0001018

Aboutorabi, A., Arazpour, M., Bahramizadeh, M., Farahmand, F. & Fadeyevatan, R,,
(2018). Effect of vibration on postural control and gait of elderly subjects: A systematic

review. Aging Clin Exp Res, 30, 713-726. https://doi.org/10.1007/s40520-017-0831-7

Akylrek, E. G., Kappelmann, N., Volkert, M., & Van Rijn, H. (2017). What you see is what you
remember: Visual chunking by temporal integration enhances working memory. Journal

of Cognitive Neuroscience, 29(12), 2025-2036. https://doi.org/10.1162/jocn _a 01175

Anderson, J. R., Bothell, D., Byrne, M. D., Douglass, S., Lebiere, C., & Qin, Y. (2004). An
integrated theory of the mind. Psychological Review, 111(4), 1036-1060.

https://doi.org/10.1037/0033-295X.111.4.1036

Anderson, J. R., & Schooler, L. J. (1991). Reflections of the environment in memory.

Psychological Science, 2(6), 396-408. https://doi.org/10.1111/j.1467-

9280.1991.tb00174.x

Arce, T., & McMullen, K. (2021). The Corsi block-tapping test: Evaluating methodological
practices with an eye towards modern digital frameworks. Computers in Human

Behavior Reports, 4, Article 100099. https://doi.org/10.1016/j.chbr.2021.100099

Atkinson, R. C., & Shiffrin, R. M. (1968). Human memory: A proposed system and its control
processes. In Spence, K. W., & Spence, J. T. (Eds.). The psychology of learning and

motivation: Advances in research and theory (Vol. 2, pp. 89-195). Academic Press.



MEMORY AS A CONTINUATION OF MOVEMENT 41

Baker, M. A., & Holding, D. H. (1993). The effects of noise and speech on cognitive task
performance. Journal of General Psychology, 120(3), 339-355.

https://doi.org/10.1080/00221309.1993.9711152

Barandiaran, X. E. (2016). Autonomy and enactivism: Towards a theory of sensorimotor

autonomous agency. Topoi, 36, 409-430. https://doi.org/10.1007/s11245-016-9365-4

Barandiaran, X. E., Di Paolo, E., & Rhode, M. (2009). Defining agency: Individuality, normativity,
asymmetry, and spatio-temporality in action. Adaptive Behavior, 17(5), 367-386.

https://doi.org/10.1177/1059712309343819

Barsalou, L. W. (2008). Grounded cognition. Annual Review of Psychology, 59(1), 617-645.

https://doi.org/10.1146/annurev.psych.59.103006.093639

Barsalou, L. W. (2009). Language comprehension: Archival memory or preparation for situated

action? Discourse Processes, 28(1), 61-80. https://doi.org/10.1080/01638539909545069

Beggs, J. M., & Plenz, D. (2003). Neuronal avalanches in neocortical circuits. The Journal of

Neuroscience, 23(35), 11167-11177. https://doi.org/10.1523/JNEUROSCI.23-35-

11167.2003
Bell, P. A. (1984). Noise and context-dependent memory. Bulletin of the Psychonomic Society,

22(2), 99-100. https://doi.org/10.3758/BF03333774

Berch, D. B., Kirkorian, R., & Huha, E. M. (1998). The Corsi Block-Tapping Task: Methodological
and theoretical considerations. Brain and Cognition, 38(3), 317-338.

https://doi.org/10.1006/brcg.1998.1039

Blackwell, J. M., Taillefumier, T. O., Natan, R. G., Carruthers, |I. M., Magnasco, M. 0., & Geffen,

M. N. (2016). Stable encoding of sounds over a broad range of statistical parameters in



MEMORY AS A CONTINUATION OF MOVEMENT 42

the auditory cortex. European Journal of Neuroscience, 43(6), 751-764.

https://doi.org/10.1111/ejn.13144

Blau, J. J. C., & Wagman, J. B. (2022). Introduction to ecological psychology: A lawful approach
to perceiving acting and cognizing (1% ed.). Routledge.

https://doi.org/10.4324/9781003145691-4

Box, G. E. P., Jenkins, G. M., Reinsel, G. C., & Ljung, G. M. (2015). Time series analysis:
Forecasting and control (5t Ed.). Wiley.
Brannstrom, K. J., Katsberg, T., Waechter, S., & Karlsson, E. (2020). Hearing thresholds and

cognitive flexibility in young healthy individuals with normal hearing. International

Journal of Audiology, 59(8), 583-589. https://doi.org/10.1080/14992027.2019.1702223
Callahan, B. L., Ramakrishnan, N., Shammi, P., Bierstone, D., Taylor, R., Ozzoude, M., Goubran,

M., Stuss, D. T., & Black, S. E. (2022). Cognitive and neuroimaging profiles of older adults

with attention deficit/hyperactivity disorder presenting to a memory clinic. Journal of

Attention Disorders, 26(8), 1118-1129. https://doi.org/10.1177/10870547211060546

Camp, N., Vagnetti, R., Bisele, M., Felton, P., Hunter, K., & Magistro, D. (2023). The effect of
cognitive task complexity on healthy gait in the walking Corsi test. Brain Science, 13(7),

Article 1019. https://doi.org/10.3390/brainsci13071019

Carello, C., Vaz, D., Blau, J. J. C., & Petrusz, S. (2012). Unnerving intelligence. Ecological

Psychology, 24(3), 241-264. https://doi.org/10.1080/10407413.2012.702628

Carlson, S., Rama3, P., Artchakov, D., & Linnankoski, I. (1997). Effects of music and white noise
on working memory performance in monkeys. NeuroReport, 8(13), 2853-2856.

https://doi.org/10.1097/00001756-199709080-00010




MEMORY AS A CONTINUATION OF MOVEMENT 43

Chater, N., & Brown, G. D. A. (2008). From universal laws of cognition to specific cognitive

models. Cognitive Science, 32(1), 36-67. https://doi.org/10.1080/03640210701801941

Christovao, T. C., Neto, H. P., Grecco, L. A., Ferreira, L. A., Franco de Moura, R. C,, Eliege de
Souza, M., Franco de Oliveira, L. V., & Oliveira, C. S. (2013). Effect of different insoles on
postural balance: a systematic review. Journal of physical therapy science, 25(10), 1353-
1356.

Cohen, J.,, Cohen, P., West, S. G., & Aiken, L. S. (2013). Applied multiple regression/correlation
analysis for the behavioral sciences (3™ Ed.). Erlbaum.

Corsi, P. M. (1972). Human memory and the medial temporal region of the brain. (Unpublished
Doctoral Dissertation). McGill University

Cruse, H. (1990). What mechanisms coordinate leg movement in walking arthropods? Trends in

Neurosciences, 13(1), 15-21. https://doi.org/10.1016/0166-2236(90)90057-H

Crossman, E. R. F. W. (1959). A theory of the acquisition of speed-skill. Ergonomics, 2(2), 153-

166. https://doi.org/10.1080/00140135908930419

Dewey, J. (1948). The reflex arc concept in psychology, 1896. In W. Dennis (Ed.), Readings in the
history of psychology (pp. 355-365). Appleton-Century-Crofts.

https://doi.org/10.1037/11304-041

Donkin, C., & Nosofsky, R. M. (2012a). The structure of short-term memory scanning: an
investigation using response time distribution models. Psychonomic Bulletin Review,

19(3), 363-394. https://doi.org/10.3758/513423-012-0236-8




MEMORY AS A CONTINUATION OF MOVEMENT 44

Donkin, C., & Nosofsky, R. M. (2012b). A power-law model of psychological memory strength in
short- and long-term recognition. Psychological Science, 23(6), 625-634.

https://10.1177/0956797611430961

Donner, Y., & Hardy, J. L. (2015). Piecewise power laws in individual learning curves.

Psychonomic Bulletin & Review, 22(5), 1308-1319. https://doi.org/10.3758/s13423-015-

0811-x
Duarte, S. E., Ghetti, S., & Geng, J. J. (2023). Object memory is multisensory: Task-irrelevant
sounds improve recollection. Psychonomic Bulletin & Review, 30(2), 652-665.

https://doi.org/10.3758/s13423-022-02182-1

Dutriaux, L., & Gyselinck, V. (2016). Learning is better with the hands free: The role of posture
in the memory of manipulable objects. PLoS ONE, 11(7), Article e0159108.

https://doi.org/10.1371/journal.pone.0159108

Ebbinghaus, H. (1880). Original manuscript “On Memory” Passau: Passavia Universitdtsverlag.
Ekuni, R., Vaz, L. J., & Bueno, O. F. A. (2011). Levels of processing: The evolution of a framework.

Psychology & Neuroscience, 4(3), 333-339. https://doi.org/10.3922/j.psns.2011.3.006

Erdfelder, E., Faul, F., & Buchner, A. (1996). GPOWER: A general power analysis program.
Behavior Research Methods, Instruments & Computers, 28(1), 1-11.

https://doi.org/10.3758/BF03203630

Ericsson, K. A. (2013). Exceptional memory and expert performance. In J. J. Staszewski (Ed.),
Expertise and skill acquisition: The impact of William G. Chase (pp. 201-228). ProQuest

Ebook Central.



MEMORY AS A CONTINUATION OF MOVEMENT 45

Essien, A. J. (2023). Pitch and tone: Primacy of sound sources in auditory perception. Medical

Research Archives, 11(12), 1-36. https://doi.org/10.18103/mra.v11i12.4828

Farrell, S. (2012). Temporal clustering and sequencing in short-term memory and episodic

memory. Psychological Review, 119(2), 223-271. https://doi.org/10.1037/a0027371
y. Fsy g

Favela, L. H., Amon, M. J., Lobo, L., & Chemero, A. (2021). Empirical evidence for extended
cognitive systems. Cognitive Science, 45(11), Article e13060.

https://doi.org/10.1111/cogs.13060

Galica, A. M., Kang, H. G., Priplata, A. A., D’Andrea, S. E., Starobinets, O. V., Sorond, F. A,
Cupples, L. A., & Lipsitz, L. A. (2009). Subsensory vibrations to the feet reduce gait
variability in elderly fallers. Gait & Posture, 30(3), 383-387.

https://doi.org/10.1016/j.gaitpost.2009.07.005

Gilbert, A. C., Boucher, V. J., & Jemel, B. (2015a). The perceptual chunking of speech: A
demonstration using ERPs. Brain Research, 1603, 101-113.

https://doi.org/10.1016/j.brainres.2015.01.032

Geffen, M. N., Gervain, J., Werker, J. F., & Magnasco, M. 0. (2011). Auditory perception of self-
similarity in water sounds. Frontiers in Integrative Neuroscience, 5(15), 1-11.

https://doi.org/10.3389/fnint.2011.00015

Glenberg, A. M. (1976). Monotonic and nonmonotonic lag effects in paired-associate and
recognition memory paradigms. Journal of Verbal Learning and Verbal Behavior, 15(1),

1-16. https://doi.org/10.1016/5S0022-5371(76)90002-5

Glenberg, A. M. (1997). What memory is for. Behavioral and Brain Sciences, 20(1), 1-19.

https://doi.org/10.1017/S0140525X97000010




MEMORY AS A CONTINUATION OF MOVEMENT 46

Gobet, F. (2013). Chunks and templates in semantic long-term memory. In J. J. Staszewski
(Ed.), Expertise and skill acquisition: The impact of William G. Chase (pp. 117-145).
ProQuest Ebook Central.

Gold, D. A., & Park, N.W. (2009). The effects of dividing attention on the encoding and
performance of novel naturalistic actions. Psychological Research 73(3), 336-349.

https://doi.org/10.1007/s00426-008-0148-4

Gonthier, C. (2023). An easy way to improve scoring of memory span tasks: The edit distance,
beyond "correct recall in the correct serial position". Behavior Research Methods, 55(4),

2021-2036. https://doi.org/10.3758/s13428-022-01908-2

Granger, C. W. J., & Joyeux, R. (1980). An introduction to long-memory time series models and
fractional differencing. Journal of Time Series Analysis, 1(1), 15-29.

https://doi.org/10.1111/j.1467-9892.1980.tb00297.x

Grosu, G. F., Hopp, A. V., Moca, V. V., Barzan, H., Ciuparu, A., Ercsey-Ravasz, M., Winkle, M.,
Linde, H., Muresan, R. C. (2023). The fractal brain: Scale-invariance in structure and

dynamics. Cerebral Cortex, 33(8), 4574-4605. https://doi.org/10.1093/cercor/bhac363

Hadlington, L., Bridges, A. M., & Darby, R. J. (2004). Auditory location in the irrelevant sound
effect: The effects of presenting auditory stimuli to either the left ear, right ear or both

ears. Brain and Cognition, 55(3), 545-557. https://doi.org/10.1016/j.bandc.2004.04.001

Han, S., Zhu, R., & Ku, Y. (2021). Background white noise and speech facilitate visual working
memory. The European Journal of Neuroscience, 54(7), 6487-6496.

https://doi.org/10.1111/ejn.15455




MEMORY AS A CONTINUATION OF MOVEMENT 47

Hardstone, R., Poil, S.-S., Schiavone, G., Jansen, R., Nikulin, V. V., Mansvelder, H. D., Linkenkaer-
Hansen, K. (2012). Detrended fluctuation analysis: A scale-free view on neuronal
oscillations. Frontiers in Psychology, 3(450), 1-13.

https://doi.org/10.3389/fphys.2012.00450

Hart, Y., Goldberg, H., Strief-Amit, E., Mayo, A. E., Noy, L., & Alon, U. (2018). Creative
exploration as a scale-invariant search on a meaning landscape. Nature

Communications, 9(1), Article 5411. https://doi.org/10.1038/s41467-018-07715-8

Hayashi, H., & Igarashi, J. (2009). LTD windows of the STDP learning rule and synaptic
connections having a large transmission delay enable robust sequence learning amid
background noise. Cognitive Neurodynamics, 3(2), 119-130.

https://doi.org/10.1007/s11571-009-9076-2

Healey, M. K., Long, N. M., & Kahana, M. J. (2019). Contiguity in episodic memory. Psychonomic

Bulletin & Review, 26(3), 699-720. https://doi.org/10.3758/s13423-018-1537-3

Heathcote, A., Brown, S., & Mewhort, D. J. K., (2000). The power law repealed: The case for an
exponential law of practice. Psychonomic Bulletin & Review, 7(2), 185-207.

https://doi.org/10.3758/BF03212979

Herff, S. A., Dean, R. T., & Schaal, N. K. (2020). Context effects of background babbling on
memory for melodies. Musicae Scientiae, 24(1), 96-112.

https://doi.org/10.1177/1029864918779415

Holden, J. G., Choi, |, Amazeen, P. G., & Van Orden, G. (2011). Fractal 1/f dynamics suggest

entanglement of measurement and human performance. Journal of Experimental



MEMORY AS A CONTINUATION OF MOVEMENT 48

Psychology: Human Perception and Performance, 37(3), 935-948.

https://doi.org/10.1037/a0020991

Holden, J. G., Van Orden, G. C., & Turvey, M. T. (2009). Dispersion of response times reveals
cognitive dynamics. Psychological Review, 116(2), 318-342.

https://doi.org/10.1037/a0014849

Hove, M. J., & Keller, P. E. (2015). Impaired movement timing in neurological disorders:
Rehabilitation and treatment strategies. Annals of the New York Academy of Sciences,

1337(1), 111-117. https://doi.org/10.1111/nyas.12615

lani, F. (2019). Embodied memories: Reviewing the role of the body in memory processes.

Psychonomic Bulletin & Review, 26(6), 1747-1766. https://doi.org/10.3758/s13423-019-

01674-x
Izadifar, M., Formuli, A., Isham, E. A., & Paolini, M. (2023). Subjective time perception in musical
imagery: An fMRI study on musicians. PsyCh Journal 12(6), 763-773.

https://doi.org/10.1002/pchj.677

Johnston, T.D., & Turvey, M.T. (1980). A sketch of an ecological metatheory for theories of
learning. Psychology of Learning and Motivation, 14, 147-205.

https://doi.org/10.1016/S0079-7421%2808%2960161-9

Kantelhardt, J. W., Zschiegner, S. A., Koscielny-Bunde, E., Havlin, S., Bunde, A., & Stanley, H. E.
(2002). Multifractal detrended fluctuation analysis of nonstationary time series. Physica

A, 316(1-4), 87-114. https://doi.org/10.1016/S0378-4371(02)01383-3




MEMORY AS A CONTINUATION OF MOVEMENT 49

Kello, C. T., Anderson, G. G., Holden, J. G., & Van Orden, G. C. (2008). The pervasiveness of 1/f
scaling in speech reflects the metastable basis of cognition. Cognitive Science, 32(7),

1217-1231. https://doi.org/10.1080/03640210801944898

Kello, C. T., Gordon, B. D. A., Ferrer-i-Cancho, R., Holden, J. G., Linkenkaer-Hansen, K., Rhodes,
T., & Van Orden, G. (2010). Scaling laws in cognitive sciences. Trends in Cognitive

Sciences, 14(5), 223-232. https://doi.org/10.1016/j.tics.2010.02.005

Kelty-Stephen, D. G., & Dixon, J. A. (2013a). Notes on a journey from symbols to multifractals: A
tribute to Guy Van Orden, Ecological Psychology, 25(3), 204-211.

https://doi.org/10.1080/10407413.2013.810469

Kelty-Stephen, D. G., & Dixon, J. A. (2013b). Temporal correlations in postural sway moderate
effects of stochastic resonance on postural sway. Human Movement Science, 32(1), 91-

105. https://doi.org/10.1016/j.humov.2012.08.006

Kelty-Stephen, D. G., Similton, O. D., Rabinowitz, E., & Allen, M. (2023). Multifractal auditory
stimulation promotes the effect of multifractal torso sway on spatial perception:
Evidence from distance perception by blindwalking. Ecological Psychology, 47(1), 1040-

7413. https://doi.org/10.1080/10407413.2023.2287752

Kelty-Stephen, D. G., & Wallot, S. (2017). Multifractality versus (mono-) fractality as evidence of
nonlinear interactions across timescales: Disentangling the belief in nonlinearity from
the diagnosis of nonlinearity in empirical data. Ecological Psychology, 29(4), 259-299.

https://doi.org/10.1080/10407413.2017.1368355




MEMORY AS A CONTINUATION OF MOVEMENT 50

Kim, Y.-J., Kim, K.-B., Kim, J.-S., Kim, H.-S., Choi, M.-H., Yi, J.-H., & Chung, S.-C. (2023). Effects of
inaudible binaural beats on visuospatial memory. NeuroReport, 34(10), 501-505.

https://doi.org/10.1097/WNR.0000000000001916

Laney, C., & Loftus, E. F. (2008). Emotional content of true and false memories. Memory, 16(5),

500-516. https://doi.org/10.1080/09658210802065939

Lara, F. L. (2023). Whose memories, whose values?: Reflecting on the spatial history of the
Americas. In J. Bernardi (Ed.), Adaptive reuse in Latin America (pp. 17-26). Routledge.

https://doi.org/10.4324/9781003322221

Luy, S., Huang, Y., & Lin, K. (2020). Spectral content (colour) of noise exposure affects work

efficiency. Noise & Health, 22(104), 19-27. https://doi.org/10.4103/nah.NAH 61 18

MacKenzie, I. S. (2013). A note on the validity of the Shannon formulation for Fitts’ index of
difficulty. Open Journal of Applied Sciences, 3, 360-368.

http://dx.doi.org/10.4236/0japps.2013.36046

Malamberg, K. J., Raajimakers, J. G. W., & Shiffrin, R. M. (2019). 50 years of research sparked by
Atkinson and Shiffrin (1968). Memory & Cognition, 47, 561-574.

https://doi.org/10.3758/s13421-019-00896-7

Marlow, C. A., Viskontas, I. V., Matlin, A., Boydston, C., Boxer, A., & Taylor, R. P. (2015).
Temporal structure of human gaze dynamics is invariant during free viewing. PLoS

ONE, 10(9), Article e0139379. https://doi.org/10.1371/journal.pone.0139379

Mandelbrot, B. B. (1985). Self-affinity and fractal dimension. Physica Scripta, 32(4), 257-260.

https://doi.org/10.1088/0031-8949/32/4/001




MEMORY AS A CONTINUATION OF MOVEMENT 51

Mandelbrot, B. B., & Van Ness, J. W. (1968). Fractional Brownian motions, fractional noises and

applications. SIAM Review, 10(4), 422-437. https://doi.org/10.1137/1010093

Manippa, V., Filardi, M., Vilella, D., Logroscino, G., & Rivolta, D. (2024). Gamma (60 Hz) auditory
stimulation improves intrusions but not recall and working memory in healthy adults.
Behavioural Brain Research, 456(2024), 1-6.

https://doi.org/10.1016/j.bbr.2023.114703

Marre, Q., Huet, N., & Labeye, E. (2021). Embodied mental imagery improves memory. The
Quarterly Journal of Experimental Psychology, 74(8), 1396-1405.

https://doi.org/10.1177/17470218211009227

Marrone, N., Alt, M., DeDe, G., Olson, S., & Shehorn, J. (2015). Effects of steady-state noise on
verbal working memory in young adults. Journal of Speech, Language, and Hearing

Research, 58(6), 1793-1804. https://doi.org/10.1044/2015 JSLHR-H-14-0223

Maylor, E. A., Chater, N., & Brown, G. D. A. (2001). Scale invariance in the retrieval of
retrospective and prospective memories. Psychonomic Bulletin & Review, 8(1), 162-167.

https://doi.org/10.3758/BF03196153

McNeil, M. L., Aiken, S. J., Bance, M., Leadbetter, J. R., & Hong, P. (2013). Can otoplasty impact
hearing? A prospective randomized controlled study examining the effects of pinna
position on speech reception and intelligibility. Journal of Otolaryngology-Head & Neck

Surgery, 42(10), 1-10. https://doi.org/10.1186/1916-0216-42-10

Mellado, A., Guastello, S. J., Martinez, C., Tomicic, A., & Krause, M. (2023). Self-organization in

dialogical patterns of a patient with borderline personality disorder and their therapist:



MEMORY AS A CONTINUATION OF MOVEMENT 52

A case study from nonlinear dynamics perspective. Counselling & Psychotherapy

Research, 23(2), 577-591. https://doi.org/10.1002/capr.12527

Miller, G. (1956). Human memory and the storage of information. IRE Transaction on

Information Theory, 2(3), 129-137. https://doi.org/10.1109/TIT.1956.1056815

Miranda, D. L., Hsu, W.-H., Gravelle, D. C., Petersen, K., Ryzmen, R., Niemi, J., Lisniewski-Laas,
N., (2016). Sensory enhancing insoles improve athletic performance during a hexagonal
agility task. Journal of Bimechanics, 49(7), 1058-1063.

https://doi.org/10.1016/].jbiomech.2016.02.022

Nevisipour, M., Sugar, T., & Lee, H. (2023). Multi-tasking deteriorates trunk movement control
during and after obstacle avoidance. Human Movement Science, 87, Article 103053.

https://doi.org/10.1016/j.humov.2022.103053

Newell, A., & Rosenbloom, P. S. (1980). Mechanisms of skill acquisition and the law of practice.
In J. R. Anderson (Ed.), Cognitive skills and their acquisition (1st ed., pp. 1-45).
Routledge.

Orsini, A., Pasquadibisceglie, M., Picone, L., & Tortora, R. (2001). Factors which influence the
difficulty of the spatial path in Corsi’s block-tapping test. Perceptual and Motor Skills,

92(3), 732-738. https://doi.org/10.2466/pms.2001.92.3.732

Park, B., Korbach, A., Ginns, P., & Brunken, R. (2023). How learners use their hands for learning:
An eye tracking study. Educational Psychology Review, 35(116), 1-30.

https://doi.org/10.1007/s10648-023-09833-2




MEMORY AS A CONTINUATION OF MOVEMENT 53

Peng, C. K., Havlin, S., Stanley, H. E., & Goldberger, A. L. (1995). Quantification of scaling
exponents and crossover phenomena in nonstationary heart-beat time-series. Chaos,

5(1), 82-87. https://doi.org/10.1063/1.1661411

Pincus, D., Cadsky, O., Berardi, V., Asuncion, C. M., & Wann, K. (2018). Nonlinear dynamical
systems and humanistic psychology. Journal of Humanistic Psychology, 23(1), 57-78.

http://journals.sagepub.com/doi/10.1177/0022167817741784

Pine, J. M., Freudenthal, D., Krajewski, G., & Gobet, F. (2013). Do young children have adult-like
syntactic categories? Zipf's law and the case of the determiner. Cognition, 127(3), 345-

360. https://doi.org/10.1016/j.cognition.2013.02.006

Platkiewicz, J., & Brette, R. (2010). A threshold equation for action potential initiation. PLoS
Computational Biology, 6(7), Article e1000850.

https://doi.org/10.1371/journal.pcbi.1000850

Priplata, A. A., Niemi, J. B, Harry, J. D., Lipsitz, L. A., and Collins, J. J. (2003). Vibrating insoles
and balance control in elderly people. The Lancet, 362(9390), 1123-1124.

https://doi.org/10.1016/50140-6736(03)14470-4.

Priplata, A. A., Patritti, B. L., Niemi, J. B., Hughes, R., Gravelle, D. C,, Lipsitz, L. A., Veves, A.,
Stein, J., Bonato, P., & Collins, J. J. (2006). Noise-enhanced balance control in patients
with diabetes and patients with stroke. Annals of neurology, 59(1), 4-12.

https://doi.org/10.1002/ana.20670

Qian, N., Jiang, Y., Jiang, Z. P., & Mazzoni, P. (2013). Movement duration, Fitts’s law, and an
infinite-horizon optimal feedback control model for biological motor systems. Neural

Computation, 25(3), 697-724. https://doi.org/10.1162/NECO a 00410




MEMORY AS A CONTINUATION OF MOVEMENT

Raffalt, P. C., Sommerfeld, J. H., Stergiou, N., & Likens, A. D. (2023). Stride-to-stride time
intervals are independently affected by the temporal pattern and probability
distribution of visual cues. Neuroscience Letters, 792, Article 136909.

https://doi.org/10.1016/j.neulet.2022.136909

Raffalt, P. C., Stergiou, N., Sommerfeld, J. H., & Likens, A. D. (2021). The temporal pattern and
the probability distribution of visual cueing can alter the structure of stride-to-stride
variability. Neuroscience Letters, 763, Article 136193.

https://doi.org/10.1016/j.neulet.2021.136193

Radvansky, G. A., Doolen, A. C., Pettijohn, K. A., & Ritchey, M. (2022). A new look at memory
retention and forgetting. Journal of Experimental Psychology: Learning, Memory, and

Cognition, 48(11), 1698-1723. https://doi.org/10.1037/xIm0001110

Rhodes, T., & Turvey, M. T. (2007). Human memory retrieval as Levy foraging. Physica A:
Statistical Mechanics and Its Applications, 385(1), 255-260.

https://doi.org/10.1016/j.physa.2007.07.001

Stephen, D. G., Wilcox, B. J., Niemi, J. B., Franz, J., Kerrigan, D. C., & D’Andrea, S. E. (2012).
Baseline-dependent effect of noise-enhanced insoles on gait variability in healthy elderly

walkers. Gait & Posture, 36(3), 537-540. https://doi.org/10.1016/j.gaitpost.2012.05.014

Sargent, J., Dopkins, S., Philbeck, J., & Chichka, D. (2010). Chunking in spatial memory. Journal
of Experimental Psychology: Learning, Memory, and Cognition, 36(3), 576-589.

https://doi.org/10.1037/a0017528




MEMORY AS A CONTINUATION OF MOVEMENT 55

Skarlatos, D., & Georgiou, A. (2001). Memorization of young people under loud pink noise of
short duration. Perceptual and Motor Skills, 92(1), 89-94.

https://doi.org/10.2466/PMS.92.1.89-94

Snoddy, G. S. (1926). Learning and stability: A psychophysiological analysis of a case of motor
learning with clinical applications. Journal of Applied Psychology, 10(1), 1-36.

https://doi.org/10.1037/h0075814

Slifkin, A. B., & Eder, J. R. (2014). Fitts’ index of difficulty predicts the 1/f structure of movement
amplitude time series. Experimental Brain Research, 232, 1653-1662.

https://doi.org/10.1007/s00221-014-3834-z

Soderlund, G. B. W., Sikstrom, S., Loftesnes, J. M., & Sonuga-Barke, E. J. (2010). The effects of
background white noise on memory performance in inattentive school children.

Behavioral and Brain Functions, 6, Article 55. https://doi.org/10.1186/1744-9081-6-55

Séderlund, G., Sikstrém, S., & Smart, A. (2007). Listen to the noise: Noise is beneficial for
cognitive performance in ADHD. Journal of Child Psychology and Psychiatry, 48(8), 840-

847. https://doi.org/10.1111/j.1469-7610.2007.01749.x

Stahl, B., & Marentakis, G. (2017). Does serial memory of locations benefit from spatially
congruent audiovisual stimuli? Investigating the effect of adding spatial sound to
visuospatial sequence. ICMI ’17: Proceedings of the 19" ACM International Conference

on Multimodal Interaction, 326- 330. https://doi.org/10.1145/3136755.3136773

Stephen, D. G., & Anastas, J. (2011). Fractal fluctuations in gaze speed visual search. Attention,

Perception, & Psychophysics, 73, 666—677. https://doi.org/10.3758/s13414-010-0069-3




MEMORY AS A CONTINUATION OF MOVEMENT 56

Stevens, S. S. (1957). On the psychophysical law. Psychological Review, 64(3), 153-181.

https://doi.org/10.1037/h0046162

Stratton, S. M., Liu, Y. T., Hong, S. L., Mayer-Kress, G., & Newell, K. M. (2007). Snoddy (1926)
revisited: Time scales of motor learning. Journal of Motor Behavior, 39(6), 503-515.

https://doi.org/10.3200/JMBR.39.6.503-516

Sutton, J. (2006). Introduction: Memory, embodied cognition, and the extended mind.

Philosophical Psychology, 19(3), 281-289. https://doi.org/10.1080/09515080600702550

Talamini, F., Blain, S., Ginzburg, J., Houix, O., Bouchet, P., Grassi, M., Tillmann, B., & Caclin, A.
(2022). Auditory and visual short-term memory: influence of material type, contour, and
musical expertise. Psychological Research, 86(2), 421-442.

https://doi.org/10.1007/s00426-021-01519-0

Thomas, B. J., Heiden, S., Dyson, K., Bartz, M., Curtin, J., & Zbotaniw, V. (2023). The
psychophysics of affordance perception: Stevens’ power law scaling of perceived
maximum forward reachability with an object. Attention, Perception, & Psychophysics,

85(8), 2869-2878. https://doi.org/10.3758/s13414-023-02727-z

Tinker, J., & Velazquez, L. P. (2014). Power law scaling in synchronization of brain signals
depends on cognitive load. Frontiers in Systems Neuroscience, 8(73), 1-10.

https://doi.org/10.3389/fnsys.2014.00073

Trakas, M. (2021). Kinetic memories: An embodied form of remembering the personal past.
Journal of Mind and Behavior, 42(2), 139-173.
Tulving, E. (1985). How many memory systems are there? APA Award Addresses, 40(4), 385-

398. http://doi.org/10.1037/0003-066X.40.4.385




MEMORY AS A CONTINUATION OF MOVEMENT 57

Usher, M., & Feingold, M. (2000). Stochastic resonance in the speed of memory retrieval.

Biological Cybernetics, 83, L011-L016._https://doi.org/10.1007/PLO0007974

Van Orden, G. C., Holden, J. G., & Turvey, M. T. (2003). Self-organization of cognitive
performance. Journal of Experimental Psychology: General, 132(3), 331-350.

https://doi.org/10.1037/0096-3445.132.3.331

Van Orden, G. C., Holden, J. G., & Turvey, M. T. (2005). Human cognition and 1/f Scaling. Journal

of Experimental Psychology: General, 134(1), 117-123. https://doi.org/10.1037/0096-

3445.134.1.117

Van Yperen, N. W. (2003). Task interest and actual performance: the moderating effects of
assigned and adopted purpose goals. Journal of Personality and Social Psychology, 85(6),

1006-1015. https://doi.org/10.1037/0022-3514.85.6.1006

Vitale, F., Padron, ., Avenanti, A., & de Vega, M. (2021). Enhancing motor brain activity
improves memory for action language: A tDCS study. Cerebral Cortex, 31(3), 1569-1581.

https://doi.org/10.1093/cercor/bhaa309

Wagenmakers, E. J., Farrell, S., & Ratcliff, R. (2004). Estimation and interpretation of 1/f* noise
in human cognition. Psychonomic Bulletin & Review, 11, 579-615.

https://doi.org/10.3758/BF03196615

Weinhold, S. L., Lechinger, J., Timm, N., Hansen, A., Ngo, H. V., & Gdder, R. (2022). Auditory
stimulation in-phase with slow oscillations to enhance overnight memory consolidation
in patients with schizophrenia? Journal of Sleep Research, 31(6), 1-10.

https://doi.org/10.1111/jsr.13636

Wiener, N. (1964). Time series. MIT Press.



MEMORY AS A CONTINUATION OF MOVEMENT 58

Wixted, J. T. (2022a). Absolute versus relative forgetting. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 48(12), 1775-1786.

https://doi.org/10.1037/xIm0001196

Wixted, J. T. (2022b). The enigma of forgetting. Proceeding of the National Academy of

Sciences, 119(12), Article e2201332119. https://doi.org/10.1073/pnas.2201332119

Zsebi, S., Szabd, P., Filotas, P., Sik-Lényi, C., & Cserjési, R (2023). Enhancing neuropsychological
assessment through virtual reality: a pilot study of the Corsi-Block tapping task. 2023
IEEE 2nd International Conference on Cognitive Aspects of Virtual Reality (CVR), 000115-

000118. https://10.1109/CVR58941.2023.10395734




MEMORY AS A CONTINUATION OF MOVEMENT

Appendix A
Corsi Paths
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Appendix B
Detrended Fluctuation Analysis (DFA)

DFA integrates a time series of N-length to produce a cumulative sum time series in which each
value is the sum of the current value and all previous values, subtracting the average of the
time series. DFA further expands to a more general case of fluctuations from the average
resting point of the time series it analyzes. To clarify, DFA integrates the following equation:
SD(t) ~ t

In doing so, we develop

y= Zliv=1 x(0) — x(6)
where x(t) is the mean of x(t). Linear regressions y,, (t) detrend from the average resting point

of the time series to account for fluctuation. This leaves us with the following equation:

Fm) = ]}lz[y(t) 0]

Forn < N / 4, F(n) increases as
F(n)~n'
Since power-law structured time series are often interms of 5<H < 1.0
log F(n) = Hlogn

The slope of F(n) in double-log plots is taken to estimate H (Peng et al., 1995).
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Appendix C
Descriptive Statistics of Performance

Descriptives

Noise Condition High Load Trials Correct Low Load Trials Correct

N Pink 12 12
White 12 12
Periodic 12 12
Missing Pink 0 0
White 0
Periodic 0
Mean Pink 5.75 7.67
White 3.75 7.50
Periodic 5.67 8.92
Std. error mean Pink 1.09 0.782
White 0.854 0.830
Periodic 0.873 0.811
Median Pink 6.00 8.00
White 3.50 8.50
Periodic 4.50 9.50
Standard deviation  Pink 3.77 2.71
White 2.96 2.88
Periodic 3.03 2.81
Minimum Pink 0.00 3.00
White 0.00 3.00
Periodic 2.00 4.00
Maximum Pink 10.0 11.0
White 10.0 11.0

Periodic 11.0 12.0
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Appendix D
Descriptive Statistics for H

Descriptives

Noise Condition High Load Hurst Low Load Hurst

N Pink 12 12
White 12 12
Periodic 12 12
Missing Pink 0 0
White 0 0
Periodic 0 0
Mean Pink 1.08 1.10
White 1.07 1.06
Periodic 1.09 0.998
Median Pink 1.07 1.08
White 1.08 1.07
Periodic 1.08 1.08
Standard deviation  Pink 0.0827 0.0855
White 0.0606 0.0611
Periodic 0.0401 0.285
Minimum Pink 0.979 1.01
White 0.947 0.896
Periodic 1.04 0.106
Maximum Pink 1.24 1.24
White 1.14 1.14

Periodic 1.18 1.15




