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Agrip

Skynjun & heiminum i kringum okkur takmarkast sjaldnast vid adeins eitt skynfeeri.
Skynjun heimsins er pvi fjdlskynjun par sem 8l skynfeerin leika hlutverk. Skilningur & pvi
hvernig menn skynja og sampaetta upplysingar frd& mismunandi skynfserum er
naudsynlegur til ad préa skilvirkan skynskiptibtnad. i pessari ritgerd er flékis samspil
mismunandi skynfaera kannad dsamt hlutverki athygli i skynjun og hvada ahrif pa& hefur
& hénnun skynskiptibinadar. Einkum er athyglinni beinta ad snertiskyni og 16gé ahersla
4 mikilvaegi pess ad skilja skynvillur og talkun. i grein | var ny skynvilla rannsékus.
Skynvillan felst i ad sterkari snertidreiti eru skynjud ofar en pau sem eru af laegri styrk
(e. Intensity order illusion, 10I). Ef seinna titringsareiti 4 sama stad & mjdbakinu hefur
heerri styrk en fyrra &reitid hafa patttakendur tilhneigingu til ad skynja pad sem
hreyfingu upp & vid (og dfugt). Tveer tilraunir voru gerdar til ad skilja hvad veldur 10l
og til ad komast a& pvi hvort pad virkar i laréttri vidd eda adeins { 168réttri vidd.
Nidurstddurnar Gr grein | veita innsyn i 101 og hlutverk tidni og styrkleika i skynvillunni.
Auk pess stadfestir rannséknin virkni Lofelt 5 titrara fyrir snertiérvun, sem skiptir skdpum
fyrir préun skynskiptibGnadar okkar. | greinum Il og lll er fjallad um fijélpaetta athygli og
ahrif  samstillingar areita fyrir  mismunandi  skynfeeri  fyrir frammistédu |
séfnunarverkefnum (e. foraging). | grein Il voru  &hrif sjénar og heyrnar &
sdfnunarverkefni rannsdkud. Nidurstédur Gr premur tilraunum syna aéd pegar markéreiti
breytast i samstillingu sjénar og heyrnar, leidir petta athyglina ad mérgum markareitum.
Engar visbendingar voru um ad leitin gengi betur pegar hlj6& sem ekki er stadbundi&
fylgdi mes, jafnvel pegar sofnunarverkefnid var fléknara (tilraun 3). Rannséknirnar {
grein Il voru gerd&ar til ad skilja hvort visbendingar frd& mismunandi skynfserum getu
baett frammistddu i sjénreenu séfnunarverkefni. Visbendi fra premur mismunandi
skynfeerum (sjénraen, haptic og hljé8) voru borin saman vid pad begar engar
visbendingar komu fram. NidurstdéSurnar syndu greinilega ad visbendi fr& &&rum
skynfeerum (heyrn og snerting) beettu frammistéSuna meira heldur en visbendi innan
sému skynjunarviddar. Vonast er til pess ad nidurstédurnar geti gagnast vid ad préa
skynskiptibunad og aé paer veiti innsyn i hvernig upplysingum sé best ad midla, og
med hvad heetti, pegar préa 4 skynskiptibinad. A heildina litid undirstrikar
rannséknirnar mikilvaegi pess ad huga ad sampaettingu mismunandi skynfaera og virkni
athyglinnar vi& préun skynskiptibinadar, en einnig almennt, til ad skilja skynjun. Med
bvi ad nyta innsyn fra snertiskynjun og fjélpeetiri athygli, getum vié auki® notagildi og
skilvirkni skynskiptibanadar fyrir notendur sem glima vié truflanir & skynjun.

Lykilord:

Skynskiptiblna&ur; bver-skilningarvit; Snertiathygli; Sjénraen Athygli; Fjolpaett athygl.



Abstract

Perception of the world around us can never be limited to only one stream. The
perception of the world is multimodal. Understanding how humans perceive and
integrate information from multiple sensory modalities is essential for developing
effective sensory substitution devices (SSDs). This thesis explores the complex interplay
of sensory modalities and aftention in perception and how it relates to the design of
SSDs. The research investigates tactile perception and its implications for SSDs,
highlighting the importance of understanding tactile illusions and anisotropies. In paper
| the intensity order illusion (IOl) was studied. This illusion can be described as the
mislocalization of the second stimuli following the first one. If the second stimulus on
the lower back has higher intensity than the first stimulus then participants tend to
perceive it as an upward movement. This also works vice versa. Two experiments were
conducted to understand what causes the 10l and to find out whether it works in
horizontal deimension or only in vertical dimension. The findings from Paper | reveal
insights into the IOl and the role of amplitude for the 10I. Additionally, the study
validates the effectiveness of Lofelt 5 actuators for tactile stimulation, crucial for SSD
development involving tactile stimulation.

Examining multimodal aftention, Papers Il and Il delve into the effects of synchrony and
cross-modal cueing on foraging performance. In Paper Il the focus was on studying the
influence of visual and auditory synchrony on foraging. Three experiments were run to
study the the influence of synchrony. The results show that when targets move in visual
synchrony, this guides attention during multiple target visual search. These results can
possibly be explained by the grouping of the targets. There was no evidence that
participans have any search benefit from non-spatial sound even when the task was
more complicated (Experiment 3). Paper lll was made as an extension of the second
paper. The main goal was to understand whether cues from different modalities can
improve visual search. Three cues from different modalities (visual, haptic and sound)
were compared to the condition where no cues were presented. The results clearly
showed that cross-modal cueing (haptic cue and sound cue) is more effective
compared to uni-modal cueing (visual cue). These findings can benefit in developing
SSD and provide some insights about how information should be conveyed using
SSD’s.

Overall, the research underscores the importance of considering multimodal integration
and aftentional mechanisms in the development of SSDs, but also more generlly, for
understanding perception. By leveraging insights from tactile perception and
multimodal attention, future SSD designs can optimize sensory feedback delivery,
enhancing usability and effectiveness for users with sensory impairments.

Keywords:

Sensory Substitution Devices; Cross-Modal Perception; Tactile Attention; Visual
Attention; Multimodal Attention.
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1 Introduction

How do we perceive the world around us and ourselves in this world? Many people
would say that most of the information about the world around us is perceived by our
eyes. While this statement is correct, this sentence says nothing about other ways of
perceiving or gathering information. Humans have seven sensory modalities: visual
(sight), auditory (hearing), tactile (touch), olfactory (smell), gustatory (taste),
proprioceptive (sense of body position and movement), and vestibular (sense of
balance and spatial orientation). It is difficult to isolate modalities and say that we rely
on only one modality at some particular point. Even if a person focuses their attention
on a specific modality, information from other modalities continues to enter our brain
unconsciously (Sinnetft et al., 2006; Treisman, 1960). If we did not receive and
constantly analyse information from our vestibular system, we would end up lying on
the ground because of the force of gravity. Human beings constantly and
simultaneously perceive a large amount of information from different modalities. Our
representation of the perceptual world in our brain is, in other words, multimodal.

Analysing information from the different senses allows humans to reach conclusions
about objects and describe and categorize them. There is no need for grown-up
humans to start touching every object that they see in front of them. They usually have
enough information to categorize and label stimuli without touching or smelling them.
Nevertheless, it is undoubted that our brain perceives objects or events in real life
through different modalities. Such integration of different modalities occurs, for
example, when we look outside the window at the road. The cars will make a noise with
their tires and engines, and we can understand whether the car is approaching us or
driving away. Usually, we would also see cars moving towards or away from us.
Combining auditory and visual information could save our lives if we cross the road
and our visual atfention is distracted away by something. This example shows why
people should remove their headphones before crossing the road!

Synaesthesia, an exireme and rare condition, is a fascinating phenomenon where
information from different modalities intertwines. This condition triggers a unique
experience unrelated to the initial stimulus (Banissy et al., 2014). For instance, some
individuals associate musical notes with specific colours or shapes, while others
perceive a connection between lefters and sounds. But a more common case is when
multi-modal perception leads to non-synesthetic combinations such as high pitch tone
and high position of an object or low pitch tone and large-sized objects (e.g., Evans &
Treisman, 2011). Another example of integrating different sensory modalities is
combining the information from the movement of the lips (visual modality) and voice
(auditory modality). Throughout their life, most people unconsciously learn the position
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of the human’s lips when pronouncing different words and sounds. This knowledge
helps them to understand what their friend is saying within loud spaces. However, this
case also highlights a common multisensory illusion of our brain, the so-called
ventriloquist effect (Bruns, 2019). This effect can be observed when people tend to
mislocalize the source of the audio signal (the moving lips of the puppet). The
ventriloquist illusion demonstrates the brain’s remarkable ability to integrate sensory
information from multiple modalities to construct a coherent perceptual experience.

The effects of sensory impairments

How do humans perceive information from the world around them if one modality is
missing? For example, suppose people are blind from birth or early in life. In that case,
there is evidence that they can learn to substitute their visual modality with information
from other modalities. For example, a blind person can have more developed tactile
and audio modalities. Studies show that the later a person loses the ability to see, the
worse their brain exchanges the visual modality with other modalitiess. This lack in
adaptivity is caused by the reduced plasticity of the brain with age (Merabet & Pascual-
Leone, 2010).

There are cases when people with normally functioning modalities cannot rely on them.
For example, firefighters frequently face situations when the smoke blocks their visual
modality. In such conditions of low visibility, instruments could be developed to help
them perceive the world around them through another modality. Unfortunately, the
development of these instruments is closer to the early beginning of such design than
having arrived at the well-developed and “comfortable to use” stage. Several questions
need to be studied to increase the quality of these instruments and make them more
effective and easier to use. The results described in this work address some of the
issues connected to the usage of these devices.

The outline of the thesis

This thesis consists of six main chapters: Introduction, Aims, Materials and Methods,
Results, Discussion and Conclusion. Additionally, a reference list and a list of original
papers are provided in the end.

Chapter 1 is the “Introduction” and includes literature review about modalities
addressed in this study: visual, tactile, and audio. Additionally, it provides an overview
of multimodal integration mechanisms and more about the joint work of the respective
modalities. Then it covers the sensory substitution mechanisms that naturally appear in
our body and sensory substitution devices. Finally, it provides information about the
current thesis, including motivation and scope.

Chapter 2 is called “Aims” and dedicated to state the research questions of the thesis
and describes the aims of it. It is also describing aims and goals for each research
separately.
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Chapter 3 is called “Methods and Materials” and describes the methods, experimental
design, and equipment that was used to address the research questions.

Chapter 4 is called “Results” and includes the results of the three papers described in
the current thesis.

Chapter 5 is called "Discussion” where the results of the studies included in current
thesis are reviewed.

Chapter 6 is called “Conclusion” where a summary of what was done in the thesis is
provided and future directions discussed.

1.1 Multimodal sensory processing

Multimodal sensory processing refers to the ability of our brain to process information
from the different senses simultaneously. It is well known that the different modalities
have different speeds of delivering information to the brain and different processing
times (Harrar & Harris, 2005, 2008). Our brain, therefore, has to solve many important
tasks: temporal and spatial binding of the signals, dealing with sensory dominance, and
assigning weights for the information coming from different modalities. However, let us
focus on the separate modalities before going deeper into multimodal attention.

1.1.1 Visual modality

The visual modality is responsible for most of the information coming to our brain. Note
that this applies to humans — other animals may prioritize other senses over the visual
one. In what follows, | will briefly explain how the visual system works.

The visual system has the highest resolution of the human perceptual systems.
Approximately 1 million fibres in the optic nerve convey information from the retina to
the brain (Hall, 1999). The visual perception process can be described roughly in the
following way. The first part is the sensation of the information that happens in our
eyes, in the retfina at the back of the eye. At this stage, physical stimuli (photons) are
transformed into neural signals (electrical and chemical). Then, these signals go
through the visual nerve toward the thalamus and then to the visual cortex. From the
visual cortex, there are two possible pathways: ventral stream (from the visual cortex to
the temporal lobe, analysing “what” the object is) and dorsal stream (from the visual
cortex to the parietal cortex, analysing “where” the object is). At the end of this
process, our brain (usually) recognises the object that was perceived (Mishkin et al.,
1983).

The neural and biological sides of the question play a minor role in the current work.
The major focus is on the cognitive processes connected to visual modality and their
relation to other modalities. Visual attention is a broad cognitive process that helps
humans filter irrelevant objects from the world around them while spotting and
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amplifying relevant objects (McMains & Kastner, 2009). Visual aftention has two main
stages: preattentive and attentive (see for review, Kristjdnsson & Egeth, 2020). Anne
Treisman's Feature Integration theory is one of the most well-known theories of visual
attention. In the theory, Treisman stated that certain feature dimensions are processed
separately and in parallel at the so-called preattentive stage. In the attentive stage, these
dimensions are bound together. In their studies, A. Treisman and her colleagues found
out that a target defined by a single feature pop out from other stimuli within a visual
search array, while a target defined by a conjunction of the features requires more
search time. For example, a red circle among green circles is found faster and is easier
to find than a red circle among red squares and green circles. Finding targets defined
by a conjunction of two features required more time and effort.

Moreover, the number of distractors (or the set size) did not affect the search time in
the feature condition. In contrast, search time increased linearly in the conjunction
condition as the number of targets increased. This pattern shows the attention-
demanding feature binding (Treisman, 1977; Treisman & Gelade, 1980).

Jeremy Wolfe's guided search model involves a modification of the feature integration
model and has practical implications in real-world scenarios. This model proposes that
visual attention operates through a combination of bottom-up (attention is guided by the
salience of stimuli) and top-down processes (attention is guided by the observer's
goals) (Wolfe, 1994; Wolfe et al., 1989). It also suggests that unique object features
are processed in parallel in the pre-attentive stage by feature maps. For example, if our
goal is to find a red vertically oriented line, the colour feature map will highlight all the
areas where the colour red appears, and the spatial orientation map will highlight all
the areas with vertically oriented objects. These activations will be bound together, and
attention will be directed to the area with the highest activation on colour and spatial
maps.

The components of the guided search model involve bottom-up processing that refers
to the automatic and involuntary capture of attention by salient features in the
environment, such as colour, motion, or orientation. These features "pop out” and
attract aftention without conscious effort. In contrast, top-down processing involves the
use of prior knowledge, expectations, and goals to guide attention in a more controlled
and deliberate manner. Top-down processes influence the selection of relevant
information based on task demands and internal goals (Wolfe, 2021).

Visual search tasks are instruments that allow us to study cognitive processes. In this
paradigm, participants perform a variety of different tasks. They can search for one
target (often asked to determine whether a target is present or not) or multiple targets.
The search task could be based on the features of the targets, conjunction, or space (A.
Kristjdnsson, 2015).

In the current work, | will use the so-called foraging task, which involves visual search
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for multiple targets. The term "foraging” originates from the behaviour of animals
searching for and collecting food resources in their natural habitats. In experimental
settings, foraging tasks simulate this behaviour by presenting participants with a series
of choices or opportunities to gather resources or rewards (T. Kristjansson et al., 2018).
Usually, foraging tasks include visual search arrays where participants need to search
for a number of targets that belong to a predefined category among distractors.
Through the current paradigm, it is possible to study different cognitive mechanisms in
humans (Bella-Ferndndez et al., 2023; Gil-Gémez De Liafio & Wolfe, 2022; A.
Kristjansson et al., 2019; Olafsdéttir et al., 2020, 2021).

A crucial question for the current work is connected to temporal synchrony and its
effect on visual attention. This synchrony can appear in the stimulus array and at the
neural level. It plays a large role in establishing and maintaining stable object
representation (Blake & Lee, 2005; Treisman, 1999). How can participants possibly
perceive visual targets with a synchronously changing colour? Moreover, will such
synchronization improve visual search or foraging? One possible option is that targets
may undergo global segregation from asynchronous distractors, potentially attracting
aftention in a bottom-up manner similarly to other unique features such as colour or
orientation singletons. Evidence from the texture segmentation literature supports this
notion, suggesting that rapid detection of temporally defined object boundaries can
occur (Blake & Lee, 2005; Fahle, 1993; Farid, 2002; Leonards et al., 1996).
Alternatively, mid-level visual grouping principles, such as synchrony, may contribute to
perceptual organization (Alais et al., 1998; Lee & Blake, 1999; Wagemans et al.,
2012). If global segregation occurs, target items can be expected to be quickly and
easily located, leading fo consistent response times and irregular spatial search patterns
akin to feature-based foraging.

Another possible option is for synchronous targets to benefit from local grouping rather
than global segregation. As observers select a farget, they may become aware of
synchronized items nearby, guiding their search towards these items. This local
grouping could rely on either bottom-up or top-down mechanisms, resulting in sporadic
movement between local patches of synchrony. While search speed would still be
faster than the asynchronous condition, the serial nature of local grouping would lead
to variations in infertarget times (ITTs) as the trial progresses.

In our studies, visual synchrony was sometimes accomplished with an auditory stimulus
that appeared in synchrony with visual ones. However, how does the audio modality
work? How do we perceive audio information? The attempt to answer these questions
will be provided in the next section.

1.1.2 Auditory modality

The auditory modality processes information faster than all other perceptual modalities
(Bizley & Cohen, 2013). This interesting fact can be explained by the distance that the
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signal needs to go from the basilar membrane, where physical pressure from the sound
transduces info a neural signal that that is then conveyed to the auditory cortex located
in the superior temporal lobe.

Even though the auditory modality is the fastest in terms of delivery of information, the
number of neural fibres in the cochlear nerve is considerably smaller than in the visual
system. There are roughly 30.000 fibres in the cochlear nerve compared to the roughly
1 million fibres in the optic nerve.

The loss of hearing dramatically reduces the quality of life. Cochlear implants (Cl) can
help patients restore their hearing, at least partially. A typical Cl produces a sound
sensation by stimulating the auditory nerve directly with electrical impulses from 22
micro-electrodes implanted in the inner ear. Remarkably, Cls can give a near-perfect
understanding of speech in listening environments that do not involve external noise
and have helped more than 600,000 deaf patients worldwide. However, Cls cannot
restore normal hearing. Cl users have great difficulties understanding speech when
there is background noise and are unable to follow musical melodies as well as
normally hearing listeners. Cl users typically report perceiving music as unpleasant and
out of tune.

Increasing music enjoyment for people with Cl through stimulation through the tactile
modality is a developing field nowadays (Nimmons et al., 2008; Prevoteau et al.,
2018; Wright & Uchanski, 2012). In the next chapter the main focus will be on the
tactile modality.

1.1.3 Tactile modality

The tactile modality is the least studied and, therefore, least well understood perceptual
modality. There are many ways of studying the visual modality. Such studies can be
performed on monitors, virtual reality glasses or even with physical displays. The
analogous situation occurs regarding the audition and the ears. Ears are complicated
organs, but they have specific localization. They can be reached and studied.
Meanwhile, the skin is the largest organ of the human body. At the same time, skin has
the lowest density of the fibres responsible for information (Gardner & Martin, 2013).
The resolution of our tactile sensory system greatly varies by body part. Stimulating our
fingertips — the most sensitive part of our body is not the same as stimulating the upper
part of our back, with a much smaller density of receptors (Jarocka et al., 2021). The
region responsible for the haptic information analysis in our brain is quite large. This
region is divided into smaller parts, and the amount of neural hardware differs between
these smaller parts. An experiment conducted with the fingertips, will therefore, lead to
different results if tested on the lower back. All these facts complicate the investigation
of tactile attention and tactile perception.

Another important topic to describe here is the so-called mechanoreceptors. These are
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the sensory receptors that perceive mechanical stimuli such as pressure, touch,
vibration, and stretch. They are found throughout the body. There are several types of
mechanoreceptors (Lumpkin et al., 2010):

1) Merkel Cells (Merkel Discs). These mechanoreceptors are found in the basal
layer of the epidermis (outer layer of the skin), particularly in the fingertips and
lips. They are responsible for pressure perception and participate in texture and
fine tactile details perception.

2) Meissner's corpuscles. They are mostly located in the dermal papillae (the thin
top layer of the dermis) of hairless skin: fingertips, palms, lips, and feet. These
receptors are responsible for light touch and low-frequency vibrations, enabling
the detection of tactile stimuli with high sensitivity and precision.

3) Pacinian Corpuscles. They are located deeper than the Merkel cells and
Meissner corpuscles in the dermis (the inner layer of the skin) and hypodermis
(the bottom layer of the skin, furthest from the surface — dermis). They are also
present in joint capsules and other connective tissues. These mechanoreceptors
are responsible for deep pressure and high-frequency vibrations. Pacinian
corpuscles play a crucial role in proprioception.

4) Ruffini Endings (Ruffini Corpuscles). Ruffini endings are receptors located in
the dermis and hypodermis, and they can also be found in joints. Ruffini Endings
slowly adapt to skin stretching and sustained pressure. They give information about
skin deformation and joint position.

Each mechanoreceptor type possesses unique traits and functions, enabling the body to
perceive and differentiate diverse mechanical stimuli in its surroundings. Together,
these receptors contribute to the intricate sensory perception of touch and perform vital
functions in tactile sensation, proprioception, and detecting mechanical occurrences
within the body.

Our research group has conducted studies of tactile attention and tactile perception for
a long time. One of our findings is that the mechanoreceptors in the skin are more
sensitive fo vibrations than pressure (Hoffmann, Brinkhuis, et al., 2018). In this research
Hoffman et al. (2019) also compared types of the tactile stimuli and their effectiveness
for delivering information. Another important finding was the description of the optimal
frequency values that humans perceive most accurately (&varsson et al., 2022).
Participants were wearing wristbands with the L5 actuator on the inner and outer parts
of the wrist. Results showed that the sensitivity pick is 200 Hz for the inner part of the
wrist (100-275 Hz optimal range). The wrist pick’s outer part was 125 Hz, with an
optimal range between 75 Hz and 200 Hz. Hairy skin parts tend to be more sensitive
than glabrous skin. The results provided us with parameters which were used in follow
up studies.
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Later, our group used the peak values from these measurements of the sensitivity range
to find the optimal distance between actuators on the forearm (Yeganeh et al., 2022).
To answer this research question, we created five different sleeves containing
vibrotactile stimulators that observers wore on their forearms (Figure 1). These sleeves
differ in the distance between the actuators (as close as possible, 5 mm, 10 mm, 15
mm, 20 mm). All sleeves had 3 actuators placed on a fabric, that allowed the user to
wear them easily and adjust the sleeve for different sized forearms. We also compared
the effectiveness of stimuli perception on the inner and outer parts of the forearm. Our
results suggested that the highest accuracy was achieved when the actuators were
placed with at least 2 cm distance between them. Another interesting finding tells us
that there is no difference in providing sensory information between the inner and
outer sides of the forearm. Note that these findings can be also explained with the high
answer accuracy in general. One of the explanations for this, however, may be that the
task was foo easy to complete, so effectiveness of the stimuli perception was the same.
Further testing of this finding is therefore needed for a conclusive answer.

Figure 1. The apparatus used in the study of our research group. Sleeves with different distance
between actuators.

Another study performed by our group was conducted to find out the locations on the
forearm where human perception is the most accurate (Yeganeh et al., 2023).
Participants were stimulated with two sequential vibrations using the “best” sleeve from
our previous study, where there was a 2cm distance between the tactors. Participants’
task was to answer whether the second vibration was at the same tactor, higher or
lower, than the first vibration. Another independent variable was the frequency of the
stimulations (100 Hz, 150 Hz, 200 Hz, 250 Hz). These frequencies were chosen based
on the previous studies of our research group (&varsson et al., 2022). The results
showed that the most effective regions for perception of tactile information were near
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anatomical reference points, close to the the body’s joints. In this study they were near
the wrists and near the elbows. In conirast, the region closer to the middle of the
forearm between the elbow and the wrist showed lower accuracy in information
perception. Surprisingly, the accuracy did not depend on the frequency manipulations.
These results provide insights info the best positions for the tactile stimulation of
vibrotactile sensory substitution devices for the forearms.

Our latest study compared the sequential versus simultaneous presentation of tactile
information (Yeganeh et al., 2024). For this study, our group created a sleeve with six
actuators. The current sleeve was made to send signals that signify letters from the
Braille alphabet. In this study my colleagues also compared short patterns (2 and 3
vibrations) to long patterns (4 and 5 vibrations). The participant’s task was to recreate
the presented pattern. It turned out that simultaneous presentation takes more work to
recreate. Another finding showed that participants are significantly less effective in
recreating long patterns. This finding means we should search for a more effective way
of presenting complicated and extensive information. Overall, these results provide
insights into the limits of factile perception.

Another important part of factile attention studies is connected to factile illusions. Our
group recently discovered the intensity order illusion (IOI; Hoffmann et al., 2019). The
IOl involves a systematic mislocalization of the second stimulation of two stimulation. If
the second stimulation with higher intensity follows the first stimulation with lower
intensity, the second stimulation tends to be perceived above the first one. The IOl
illusion also involves the opposite effect: when the second stimulation has a lower
intensity than the first one, people will tend to report that the second stimulation was
lower than the first one (Hoffmann et al., 2019). More information about this illusion
can be found in sections dedicated to Paper | and in the Appendix.

lllusions provide us with insights about the expectations of the brain from the world
around us. They also provide information about basic principles of the perceptual
system and about the operating principles of perceptual interpretation. There are some
well-studied illusions in the tactile modality. An illustrative instance of a perceptual
phenomenon within tfactile perception is the sensory saltation illusion, also referred to
as the cutaneous rabbit illusion (Geldard & Sherrick, 1972). This phenomenon involves
rapid, repeated stimulation at adjacent locations on the skin. For instance, a sequence
of three taps applied to two skin sites can elicit the sensation of an object hopping
along the skin (Flach & Haggard, 2006), resulting in an illusory perception of
stimulation occurring between the actual stimulated locations. Similarly, another
spatiotemporal haptic illusion known as the funneling illusion (Gardner & Spencer,
1972) involves the perception of two adjacent simultaneous vibratory stimuli originating
from the space between the two actuators. These illusions underscore the extensive
spatiotemporal interactions (Flach & Haggard, 2006) involved in processing factile
stimulation, potentially reflecting modulations in the activity of the somatosensory cortex
(Blankenburg et al., 2006).
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Moreover, evidence suggests that well-known illusions observed in different sensory
modalities also occur in the tactile modality. For instance, visual illusions, including the
Bourdon (Day et al., 1990), Miiller-Lyer (Gentaz & Hatwell, 2004; Millar & Al-Attar,
2002), Ebbinghaus illusion (Ziat et al., 2014), have tactile counterparts. Additionally,
illusions associated with underestimating the distance between stimuli and
overestimating time have been observed in the tactile modality. These include the tau
effect (Lechelt & Borchert, 1977), the kappa effect (Suto, Y., 1952), and the apparent
haptic movement illusion (Carter et al., 2008; Sherrick & Rogers, 1966), which may be
related to the cutaneous rabbit illusion discussed earlier. Cross-modal illusions can be
explained by similar operational and perceptual organisational principles that apply for
different modalities.

As mentioned before, on very rare occasions in real life, people rely on separate
modalities while perceiving the world around them. The perception process is usually
cross-modal. The next chapter will intoduce cross-modal perception and multisensory
integration of stimuli coming from different modalities.

1.1.4 Multisensory Integration

In real-world situations, humans receive information from multiple modalities
simultaneously. The auditory and visual modalities can be used simultaneously to
estimate an object's shape and distance to it. Sometimes, when we do not know the
depth of a river and cannot see the riverbed, we measure it using our feet. Searching
for a light switch in a dark room will also require our tactile modality. Each modality,
each way of perceiving the world around us, has its strengths and weaknesses. In
humans, several classical studies have shown that the visual modality dominates in
spatial tasks (McGurk & McDonald, 1976), while the auditory modality dominates in
temporal tasks (Welch et al., 1986).

Despite dominating one of the modalities dependently on the task, there is research
showing that modalities can work together to increase the effectiveness of visual
orienting, for example when we are searching for a particular target. The so-called “Pip-
and-pop” (Van der Burg et al., 2008) and “Poke and pop” (Van der Burg et al., 2009)
phenomena, described by Van der Burg and his colleagues, are great examples of
multisensory integration. In this research, the participants searched for a vertically or
horizontally oriented target stimulus among differently oriented distractors. All the
stimuli on the screen were changing colour back and forth at different rates. In a crucial
manipulation, Van der Burg and his colleagues changed the colour of the target
stimulus synchronously with non-spatial sound (the sounds did not come from any
specific location of one of the items, Van der Burg et al., 2008). In another study, the
sound was replaced with a non-spatial vibration that was presented on the back of the
left hand (Van der Burg et al., 2009). In both studies, search time was significantly
faster in the conditions where the colour change of the target was synchronized with
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stimuli from another modality. For audio-visual integration, the authors argued that the
interaction appears in the early processing stages without any specific effort. Moreover,
they proposed that this interaction can appear in the early visual cortex. They reached
the same conclusion for tactile perception in the “Poke-and-pop” effect (Van der Burg
et al., 2009). In their conclusions, Van der Burg and his colleagues refer to earlier
work conducted by Violentyev et al., which shows that participants’ perception of a
visual stimulus (flash) was affected by two touches (Violentyev et al., 2005). So,
participants saw two flashes even though only one was presented to them if this
occurred simultaneously with two haptic stimulations. All these authors concluded that
their research provides strong evidence that visual information processing is not
unimodal and can be affected by other modalities.

Karla Evans and Anne Treisman have also studied multisensory integration in a series of
Experiments (Evans & Treisman, 2011). In their study Evans and Treisman presented
several experiments showing the connection between high tone pitch and bright
surface (Martino & Marks, 1999), small sizes (Gallace & Spence, 2006; Mondloch &
Maurer, 2004), angular shapes (Marks, 1974), arrows pointing up for six-months-old
kids (Wagner et al., 1981). They gathered evidence showing that a multisensory
association appears between a high-pitch tone and several features, such as the small
size of the visual stimuli and the high position of stimuli. Participants were asked to
judge different features of the visual object (size, position, density of the lines inside a
circle, contrast of the circle) and the type of sound (high vs low pitch tones played
either on a violin or a piano). Evans and Treismsn investigated the level of the possible
integration if there is any. Two types of experiments were conducted to address this
question involving either "direct” or "indirect” tasks. Participants were asked whether
the pitch was high or low in the "direct” task. In the "Indirect” task, the question was
about the type of instrument playing the sound (piano or violin). The instruments’ sound
could be as high or low as the pitch in the "direct” task. The association between the
"high” pitch and small size and high position appeared in both types of tasks. These
results mean that these associations between visual and audio modalities appear
automatically and affect the task even if the sound task is to define whether violin or
piano, which is an indirect fask in this context.

Nevertheless, the results of Evans & Treisman also showed that, at the same time, this
integration was more effective when the word for the type of tone was the same as the
position of the visual stimulus (high-high). This work shows that multisensory integration
can have influences on different aspects of information processing and decision-
making. The current findings may also be part of the explanation of the intensity order
illusion (Hoffmann et al., 2019; Makarov, Stefansson Thors, et al., 2024), where high
amplitude stimulation following a low stimulation at the same actuator will most likely be
perceived as upward movement.

Despite the wealth of research in recent decades, the question of how the brain
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combines information from different modalities remains unclear. Spence discussed this

question in his review paper (Spence, 2011). Spence empathised the importance of

cross-modal correspondences in shaping perception, cognition, and behaviour, and

emphasized the need for further research to explore their mechanisms and practical

applications in various domains. It is clear that cross-modal correspondence can appear

on different levels. The following are the variants outlined in Spence (2011):

1)

2)

3)

4)

5)

6)

7)

Structural Correspondences. These correspondences are based on similarities
in the physical aftributes of stimuli across different sensory modalities. For
example, higher-pitched sounds are often matched with brighter colours, while
lower-pitched sounds are associated with darker colours.

Statistical Correspondences. This level of interaction is based on the co-
occurrence of sensory features in the environment. For instance, in English, we
often refer to smaller objects using higher-pitched sounds (e.g., "small” vs.
"big"), and this pattern is found across many languages.

Semantic Correspondences. These correspondences are based on the
meaning of the stimuli. For example, sweetness in taste is often associated with
round shapes and high-pitched sounds, while bitterness is associated with
angular shapes and low-pitched sounds.

Emotional Correspondences. These correspondences are related to the
emotional content of the stimuli. For example, bright colours and major chords
in music are generally associated with positive emotions, while dark colours
and minor chords are associated with negative emotions.

Learned Correspondences. These correspondences are based on individual or
cultural learning. For instance, in some cultures, red is associated with danger
and green with safety, influencing, for example, how people perceive traffic
lights.

Developmental Correspondences. These are correspondences that are based
on developmental stages. For example, children often associate high-pitched
sounds with smaller or more delicate objects and low-pitched sounds with
larger or more robust objects.

Synesthetic Correspondences. These correspondences involve a blending of
sensory experiences, as seen in synesthesia. For example, a synesthete may
perceive specific colours when they hear certain musical notes.

By understanding these levels of interaction, researchers can better understand how our

senses work together and how they can influence each other. Nevertheless, this

knowledge is already widely used in sensory substitution technologies.
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1.2 Sensory substitution

The section on sensory substitution in this thesis involves two main parts: discussion of
sensory substitution mechanisms and of sensory substitution devices. The first
subchapter will discuss the physiological and psychological processes underlying
sensory substitution mechanisms. The second part will cover physical sensory
substitution devices. These devices differ from, for example, classical cochlear
implants. Sensory substitution devices use information from one modality to exchange
lacking information from a deficient modality. In addition, the application of these
devices can be wider than used within medicine. For example, the Sound of Vision
device, recently designed in our laboratory (Brooks et al., 2023; Hoffmann, Brinkhuis,
et al., 2018) is intended for use for visually impaired individuals where information
from head mounted cameras is conveyed to the user via haptics and audition. All this
information will be covered in the second part (1.2.2).

1.2.1 Sensory substitution mechanisms

What enables our body and brain to substitute another modality for a compromised
one? The compensation depends on the time when the ability to perceive information
through this modality was lost. Compensatory sensory substitution mechanisms typically
do not work as well for grown-up people as for children beacause of how
neuroplasticity becomed much worse as people age (Collignon et al., 2006).
Children’s brains are generally more plastic or adaptable than adult brains, meaning
they may have an easier time learning to use new sensory substitution devices or
adapting to changes in sensory input. Nevertheless, adults can also benefit significantly
from sensory substitution, particularly if they receive appropriate training and support
(see e.g. Hoffmann et al., 2018).

The main principle underlying the compensatory mechanism is that working sensory
modalities take on some functions of the dysfunctional modality and in addition become
more proficient in processing information. This process occurs at different levels of the
nervous system. Arni Kristjdnsson and his colleagues made a broad review of the
sensory substitution mechanisms that provide different insights about the nature of these
processes (A. Kristjansson et al., 2016).

Neuroimaging and transcranial magnetic stimulation research provide evidence of
cross-modal plasticity, indicating that brain regions conventionally associated with
specific sensory modalities, such as vision or audition, can flexibly engage in
processing information from other modalities (Merabet & Pascual-Leone, 2010;
Pasqualotto & Proulx, 2012).

Brain regions traditionally labelled as sensory-specific, like the visual cortex, may
possess supermodel functions, capable of responding to inputs from diverse sensory
modalities, suggesting an infegrated processing system (Ricciardi et al., 2014). For
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example, factile stimulation can activate regions associated with vision, revealing
functional overlap and integration among sensory systems (Poirier et al., 2007; Renier
et al., 2005).

Studies demonstrate that sensory inputs from one modality can activate brain areas
typically associated with another, suggesting cross-modal interactions in perception
(Ortiz et al., 2011; Sadato et al., 1996). In blind individuals, tactile tasks (such as Braille
reading) can trigger activation in the visual cortex, indicating adaptive processing of
non-visual sensory information (Striem-Amit et al., 2015). Additionally, the so-called
fusiform face area in the temporal lobe, that is selective for processing visually
presented faces in those with intact vision, becomes activated when visually impaired
people touch faces (Ratan Murty et al., 2020).

Research into sensory substitution techniques, such as Braille reading and auditory
sensory substitution, illustrates the brain’s capacity to adapt to alternative sensory inputs
(Amedi, 2002; Amedi et al., 2001; Bedny et al., 2015). This adaptive plasticity can, for
example, involve recruiting visual cortex for processing tactile or auditory information,
enabling individuals with visual impairments to perform tasks typically associated with
sight (Ptito et al., 2009; Reich et al., 2011). These discoveries are very important. They
help us to understand of sensory processing. They also give us ideas for new ways fo
help people who have trouble with their senses. For example, we can use what we
know to create new methods to help them, and design advanced sensory substitution
devices (Calvert et al., 1999; Kupers et al., 2010). By understanding how the brain
handles it when a sense doesn't work, we can make treatments to help people improve
their senses.

While the human body can demonstrate remarkable adaptability, it is not always able to
fully compensate for a compromised modality. Therefore, the development of sensory
substitution devices is crucial. These devices can significantly improve the quality of life
for blind or deaf individuals, offering them a more comfortable and independent
lifestyle.

1.2.2 Sensory substitution devices

Our research group has worked on the development of sensory substitution devices
(SSD) for several years. The main principle behind these devices involves converting
information from one compromised modality to another. What are the most common
variants of SSD for visually impaired people?

The most common variants of SDDs are connected fo the audio modality. Efforts to
assist the visually impaired using auditory cues have explored echolocation, which can
be hindered by noise concerns, and camera-based auditory feedback systems, offering
a more feasible alternative (Ifukube et al., 1991; Kolarik et al., 2014; Loomis et al.,
1998, 2005; Marston et al., 2006, 2007; Van Erp, 2005). Virtual sounds, rather than
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speech, have shown better effectiveness in aiding navigation for the blind (Loomis et
al., 2005). The PSVA device, linking captured image pixels to sound frequencies,
activates visual cortex regions in early blind individuals during pattern recognition tasks
(Arno et al., 2001). Similarly, the EyeMusic device translates visual data info musical
notes, enhancing spatial perception and movement accuracy in blindfolded subjects
(Abboud et al., 2014; Levy-Tzedek et al., 2012). Moreover, the EyeCane, featuring
infrared sensors for distance and obstacle detection, significantly improves navigation
skills for the visually impaired (Chebat et al., 2015; Maidenbaum et al., 2014).

Another variant of SSD involves haptic devices and revolves around utilizing haptic
feedback to provide environmental information to individuals with visual impairments.
These devices face challenges such as touch intricacies and device practicality. Early
endeavours, exemplified by the work of Bach-YRita et al., displayed potential but
encountered limitations (Bach-y-Rita et al., 1969). Research indicates that while the
hands offer high spatial acuity for haptic feedback, usability remains a concern.
Promising approaches include employing haptic belts for directional cues and tongue-
based devices for tactile stimulation. Studies like those conducted by Kupers et al.
(2010) demonstrate the potential of training blind individuals in navigation tasks.

, -é -

Figure 2. The apparatus used in the SOV device of our research group. Left top photo: The
tactile belt prototype version 4 from our Sound of Vision project. Left down photo: closer view
on the prototype version 4. Right photo: A person wearing the prototype version 4.

Our research group has also conducted research connected to navigation tasks. In the
Sound of Vision (SOV) project, the task was to create a device that would scan the
visual information around the user, encode this information into tactile and audio
signals, and send it to the skin and ears. One of the problems that were faced during
this project was connected to sensory input limits. It was very important to find the right
way not to overload the user’s sensory system (Hoffmann, Spagnol, et al., 2018). The
SOV system consisted of headgear with three-dimensional cameras and sound
presented throughthe headphones, a tactile belt with 60 vibrating actuators at the
abdomen, and a computer in a backpack (meant for the prototype only). The header
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with cameras works as a perception organ, substituting eyes, while the laptop
processes the data and transforms it into audio and tactile signals. A learning
procedure that lasted 8 hours was run for six visually impaired people. Figure 2 shows
the sensory substitution device.

The participant’s task was to avoid physical obstacles in the space relying on the SOV
system. Results showed that the learning process was successful (see e.g., Hoffmann,
Spagnol, et al., 2018). Participants were also asked to avoid collisions in the changing
environment. Importantly, the results showed that participants were learning how to use
the auditory and tactile information from the SOV device, instead of simply learning to
navigate the space with memory.

A major issue with combining haptic and audio signals involves the danger of
overwhelming the aftentional and perceptual systems regarding the amounts of
information coming to the brain simultaneously. Humans have a finite attentional
capacity, and important information may, therefore, be missed because other
information is selectively attended (Broadbent, 1958; A. Kristjdnsson, 2006; Most et al.,
2005; Treisman, 1960). This phenomenon transcends sensory modalities, impacting
vision (Grimes, 1996; McConkie & Zola, 1979), haptic perception (Gallace & Spence,
2006), and audition (Vitevitch, 2003). Attentional strain resulting from sensory
substitution devices may divert attention from other environmental cues (Karcher et al.,
2012), emphasizing the need for designs with minimal attentional demands (Liu, 2001).
Effective sensory substitution devices must avoid overwhelming users with information
and should not disrupt the natural sensory environment (Harmé et al., 2004).
Neglecting attentional constraints can limit the practicality of such devices,
underscoring the importance of understanding sensory and attentional mechanisms in
their development (Loomis et al., 2018).

Many questions are connected to the most comfortable and efficient usage of the SSDs.
For example, what is the best place to use a tactile device? The most common
wearables for SSDs involving tactile stimulation are bracelets. However, these devices
can provide only limited information with a small resolution. The most sensitive parts of
our body are the fingertips (Jarocka et al., 2021). The problem is that if you create a
device, that is sending the information to the fingertips, then you will lose the ability to
operate with your hands properly if used concurrently with the device. That is why one
of the very important questions in developing tactile devices is searching for the
optimal balance between the comfort of the user and the most effective way to deliver
information.

1.3 The scope of this thesis

This thesis investigates the mechanisms underlying tactile perception and the effects of
multimodal attention on human performance. It aims to enhance our understanding of
how different sensory modalities interact and how this knowledge can be applied to
improve sensory substitution devices (SSDs) and multimodal interfaces.
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The motivation for this research is driven by the need to bridge gaps in our
understanding of sensory interactions and leverage this knowledge for practical
applications. Enhancing SSDs and tactile communication devices is crucial for
improving accessibility and quality of life for individuals with sensory impairments.
Additionally, optimizing multimodal inferfaces can significantly benefit various
professional and everyday applications, ensuring information is presented in the most
accessible and efficient manner.

The research begins by exploring the Intensity Order lllusion (IOl) in tactile perception,
specifically examining whether the illusion is caused by changes in amplitude or
frequency of sequential stimulations. Utilizing advanced tactile actuators that allow
independent manipulation of these parameters, the study seeks to isolate the factors
contributing to the I0l. Additionally, the thesis assesses the generalizability of this
phenomenon across different directional stimulations and various types of actuators.

In addition to the unimodal study of tactile perception, the thesis investigates the effects
of visual and auditory synchrony on attention and perceptual performance in visual
foraging tasks. Inspired by the "pip & pop” phenomenon, the research examines how
synchrony in visual and auditory stimuli can guide attention, improve search accuracy,
and reduce search time. The interaction between these modalities is further explored to
determine the most effective methods of presenting information through various
sensory channels. Building on these findings, the thesis also examines the role of cross-
modal cues—visual, auditory, and haptic—in enhancing the detection of synchronized
targets during complex multitarget foraging tasks. The research aims to identify the
optimal ways of presenting information through different modalities, considering the
complexity of the task and the effectiveness of unimodal versus multimodal cueing.

The motivation for this research is driven by the need to bridge gaps in our
understanding of sensory interactions and leverage this knowledge for practical
applications. Enhancing SSDs and tactile communication devices is crucial for
improving accessibility and quality of life for individuals with sensory impairments.
Additionally, optimizing multimodal interfaces can significantly benefit various
professional and everyday applications, ensuring information is presented in the most
accessible and efficient manner.

The work presented in this PhD thesis was split info two parts: basic scientific research
into perceptual mechanisms and applied research of SSDs. In the so-called scientific
part, the focus was on studying cross-modal attention. | also studied how we perceive
information through our skin and how the interaction between different modalities can
affect visual search. The second part of the work in this thesis was dedicated to solving
applied research questions. My research group was searching for the best way to
deliver information, developing prototypes, and evaluating the effectiveness of
information delivery. Further scientific research conducted by my colleagues and me

will be described.
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2 Aims

The title of this thesis was chosen to indicate that it is divided into two main parts. The
first part focuses on fundamental research of multimodal attention. Detailed knowledge
of the perceptual mechanisms is crucial for developing effective and usable sensory
substitution devices. The second part of this thesis involved developing and testing
sensory substitution devices. My research group tested different actuators for our
devices. Our group designed and assembled the equipment for our experiments. This
equipment can likely be used for various purposes in the future, such as navigation for
visually impaired people or helping people with prosthetics to understand the positions
of their prosthetic leg or arm in space.

The current thesis will address the following research questions:

1)  What are the underlying mechanisms of the Intensity Order lllusion (IOl) in
tactile perception?

2) How do visual and auditory synchrony influence aftention and perceptual
performance in foraging tasks?

3) What are the effects of cross-modal cues on the detection of synchronized
targets in complex visual foraging tasks?

The current thesis is mainly focused on my research as a first author, describing
research that | led, so further in the text, only the aims of these papers will be
described. A description of the research conducted by my colleagues and where | am
the second author can be found in the Introduction.

2.1 Paper I: The Haptic Intensity Order lllusion Is Caused by
Amplitude Changes

The first paper is part of the unimodal research about tactile attention. The main
purpose of the paper was to study a phenomenon called the Intensity Order Illusion
(101). This phenomenon was discovered by our group (Hoffmann et al., 2019). This
haptic mislocalization effect appears in the lower back with two sequential stimulations
in the same location. If the second stimulation has a higher intensity than the first one, it
was perceived as an upward movement. When the second stimulation had a lower
intensity then, it tended to be perceived as a downward movement. | tried to reach the
following aims in the following research:
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The first aim of the research was to study whether the 10l is caused by amplitude
changes or frequency changes. The actuators that were used in the original report on
the illusion provided eccentric rotating force, both normal (NERMS) and parallel
(PERMS) to the skin surface, but notably, these actuators did not allow independent
manipulation of frequency and amplitude. This meant that we could not address the
contribution of each of these parameters (amplitude or frequencey) to the illusion. For
this reason, in the current study, | used Lofelt L5 actuators, which allowed us to
manipulate frequency and amplitude separately (L5 Actuator Description, 2019).

The second aim involved psychophysical tests of the L5 actuators. The plan is to use
L5 actuators to convey information for cochlear implant users or provide tactile
information through sensory substitution devices. There are several options of how they
can be used: music enjoyment, factile attention studies, helping visually impaired
people to navigate, helping people with prosthetics, developing the wearables for
professional needs, e.g., firefighters who often have to operate in low visibility
conditions (such as in smoke-filled buildings).

The third aim was to investigate whether this illusion appears in the horizontal
direction, as well as vertically, as tested originally. This knowledge will be used in
developing SSD since it is important to search for the optimal way to present tactile
information.

The fourth aim of our study was to replicate the IOl using a different set of tactile
actuators. It cannot be emphasized enough how crucial it is to check and replicate
different studies and test for their generalizability.

2.2 Paper lI: The effects of visual and auditory synchrony on
human foraging

The second study involved multimodal research. It was inspired by the so-called “pip &
pop” phenomenon found for singletarget search (Van der Burg et al., 2008). In this
phenomenon, the participant’s task was to search for vertically or horizontally oriented
targets. All the stimuli changed colour independently from each other. A non-spatial
sound that appeared in synchrony with the target colour change reduced the search
time of the target (Van der Burg et al., 2008).

In this paper, we studied the synchrony effect on multiple-target visual search. This
study was aimed at analysing whether synchrony in stimulation can guide attention and
aid perceptual performance within a foraging task. The main question was whether
visual synchrony can speed up the visual foraging and improve accuracy. Additionally,
we studied if audio synchrony can have any additional effect on the visual search for
multiple targets.

This research was conducted to broaden the knowledge about the multimodal attention
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and the interaction between different modalities. The results of this paper offer valuable
insights into the most effective methods of presenting information through various
modalities.

2.3 Paper llI: Cross-modal cues improve the detection of
synchronized targets during human foraging

Based on the results of “The effects of visual and auditory synchrony on human
foraging,” the third study of this thesis was designed. Findings from the second study
indicated that there were no clear benefits to foraging from audio cues. This result
contradicts what could be expected based on previous visual search studies with
multimodal cues (Gao et al., 2021; Van der Burg et al., 2008; Zou et al., 2012).

One of the possible reasons for the lack of multimodal aid in the second study was that
the task was too easy. Participants relied only on the visual modality and did not use
multimodal cueing. Another potential reason is that participants were not searching for
synchrony. Synchrony itself was irrelevant to the task. Based on this outcome, in the
current study participant’s task was to search for synchrony, considering synchronisation
from different cues.

This study aimed to investigate what kind of cues will be the most effective in facilitating
the multitarget visual foraging task, while the task itself will be too complicated to rely
only on the grouping effect as it was in the previous study.

Another aim was to compare the effectiveness of unimodal and multimodal cueing. In
the current study, visual cueing was compared to audio cueing and haptic cueing.
Current knowledge provides important insights about the most effective way of
presenting information through different modalities.
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3 Materials and Methods

The experiments’ designs were different in all three studies. The following provides
brief information on the materials and methods used in all three papers. Expanded
information can be found in the original publications section.

3.1 Paper I: The Haptic Intensity Order lllusion Is Caused by
Amplitude Changes

Two Experiments were conducted in the current study. Both experiments were
conducted in the laboratory within an anechoic chamber. The experiments were
approved by the National Bioethical Committee of Iceland (VSN-15-107) and the
methodology conformed to the Declaration of Helsinki.

3.1.1 Paper l. Participants

Seventeen people participated in Experiment 1. All participants were naive to
experimental hypothesis. Seven participants reported themselves as women, ten
participants reported themselves as men. The age range was between 21 and 41 years
old (7 women, mean = 30.5 yr, SD = 6.8 yr).

Ten people participated in Experiment 2. All participants were naive to the
experimental hypothesis. Four participants reported themselves as woman, and six
participants reported themselves as man. The age range was between 20 and 34 years
old (mean =27 yr, SD =4.3 yr)

3.1.2 Paper l. Apparatus

The same equipment was used in both Experiments. A custom-built 4x4 array of Lofelt
L5 actuators was used to stimulate the lower back. Figure 3a shows a photo of the
custom-built array; Figure 3b shows the apparatus placed on the participant's lower

back.

Both experiments were programmed in a Python environment. Our lab-actile research
hardware system generated signals and transferred them to the equipment. This system
consists of an RME MADIface XT audio interface, two Ferrofish A32 AD/DA converters,
and a custom-made multichannel 2 W amplifier. The vibration calibration
measurements were performed using a Bruel and Kjaer 4507 accelerometer and a
Bruel and Kjaer 2270 handheld sound analyser. Participants responded during the
experiment with a standard keyboard.
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Figure 3. The apparatus used in Experiments 1 and 2 of Paper I. (A) The mounting base with a 4
x4 array of L5 actuators placed at 10-mm centreto-centre distance. (B) One mounting base at a
time was strapped around the participant’'s waist so that the tactor array stimulated the lower
thoracic region.

3.1.3 Paper l. Stimuli and procedure

In Experiment 1, the participant’s task was to judge the direction of the vibrotactile
stimulation: whether the second stimulation was above or below the first one. Four
possible stimuli combinations were used: i) low frequency and low amplitude, ii) low
frequency and high amplitude, iii) high frequency and low amplitude, and iv) high
frequency and high amplitude. Anocther important independent variable was the
position of the second rotor vibration, compared to the first one: higher, lower or the
same actuator vibrated as for the first stimulation. There were four possible
combinations of the first and second stimuli: strong-strong, weak-weak, weak-strong,
strong-weak. There were 1152 trials in the experiment, divided into four blocks.
Participants could take pauses between blocks. The experiment took around 90 minutes
in total. Figure 4 shows an example of the stimulation patterns used in Experiment 1.
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Direction Frequency (similar combinations used for
amplitude)
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Figure 4. Examples of stimulation used in the Experiment 1 of Paper I. The squares represent
the 4x4 tactor array, and the marked squares represent the actuators activated in the sequence
indicated by the numbers. One trial consisted of 2 successive vibrotactile stimulations, which
varied in direction, frequency (high frequency is shown in black and low frequency is shown in
grey) and in amplitude (strong-weak, weak-strong, strong-strong and weak-weak, not shown in
figure).

In Experiment 2, the participant’s task was to judge whether the second stimulation was
to the right or the left from the first one. Based on the results of Experiment 1, only
amplitude was used as the independent variable with a constant 200 Hz frequency. The
amplitude could be strong or weak. As in Experiment 1, the second stimuli had three
possible positions: to the right, to the left, or the same actuator activated as the first
one. Similar to the first experiment, the possible combinations of the first and second
rotor activation were strong-strong, weak-weak, weak-strong, and strong-weak. There
were 280 trials divided into four blocks. Participants could take breaks between blocks.
The experiment took around 30 minutes in tofal. Figure 5 shows an example of the
stimulation for Experiment 2.
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Figure 5. Examples of stimulation patterns in Experiment 2 of Paper I. The squares represent the
4x4 tactor array, and the marked squares represent the actuators activated in the sequence
indicated by the numbers. One frial consisted of 2 successive vibrotactile stimulations, which
varied in direction and in amplitude (strong-weak, weak-strong, strong-strong and weak-weak,
shown in black and grey for strong and weak stimulation respectively, on the right in the figure).

Low-frequency values were equal to 100 Hz, and high-frequency values were equal to
200 Hz. For the low amplitude, acceleration was 54.29 m/s? for the 100 Hz frequency
and 48.52 m/s? for the 200 Hz frequency. For the high amplitude, acceleration was
96.48 m/s? for the 100 Hz frequency and 91.24 m/s? for the 200 Hz frequency. These
slightly differing acceleration values reflect that to ensure that the vibrotactile stimulus
acceleration was equal for the different tested frequencies, the signal amplitudes were
adjusted based on vibration acceleration measurements so that both signals (low
frequency and high frequency) resulted in the same vibration intensity on the skin.

The procedure was the same for both Experiments. Participants signed an informed
consent form and then were asked to sit in the anechoic chamber wearing headphones
with white nose to block the noise from the actuators. In the lower thoracic region,
participants were wearing a belt, with actuators placed equally on either side of the
spine.

After the Experiment began, participants received two consequent stimulations (200 ms
each with 50 ms intervals between them). After that, participants had 5 seconds to
respond using the usual keyboard (arrows “up” and “down"” for Experiment 1; arrows
“right” and “left” for Experiment 2).
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3.1.4 Paper l. Data analysis

One participant was excluded from the final analysis of Experiment 1 and another
participant was excluded from the final analysis of Experiment 2. These two people did
not seem to understand the task. Both datasets were analysed using the Rstudio
program (RStudio Team, 2020).

For Experiment 1, we expected that weak stimulation followed by strong stimulation
would increase the probability of up responses and vice versa for the strong stimulation
followed by weak. The illusion should occur when the second stimulation is in the same
location as the first.

For Experiment 2, we conducted an exploratory study to check whether the IOl occurs
horizontally.

All the participants’ answers were recalculated as the proportion of the responses as
up. Data distribution was checked using the Shapiro-Wilks method. In Experiment 1, a
three-way Repeated Measures ANOVA was used: the frequency combinations for the
first and second stimulations (high-high, high-low, low-high, low-low), the amplitude
combinations for the first and second stimulations (strong-strong, strong-weak, weak-
strong, weak-weak), and the direction of the stimulation (up, same, down). In
Experiment 2, a two-way Repeated Measures ANOVA was used: the amplitude
combinations for the first and second stimulations (strong-strong, strong-weak, weak-
strong, weak-weak), and the direction of the stimulation (up, same, down). Pairwise t-
tests were used to perform post-hoc comparison tests. Data analysis was made with the
R packages called tideverse, ez and rstatix (Kassambara A., 2021; Lawrence MA, 2016;
Wickham et al., 2019).

3.2 Paper lI: The effects of visual and auditory synchrony on
human foraging

Three experiments were presented in this study. Data collection for the first and the
third Experiment was conducted online, while the second Experiment was run in the
lab. All the experimental procedures conformed to the Ethics and Data Protection
guidelines of the University of Malta and the University of Iceland for conducting online
research. The methodology of the Experiments also conformed to the declaration of
Helsinki. All participants confirmed they had read the informed consent and understood the
task. Participants signed the hard copy of the informed consent form for Experiment 2.

3.2.1 Paper Il. Participants

Twenty-four people participated in Experiment 1, 12 for each type of condition: 11
females (19-29 years, M=23.66 years) and 13 males (18-39 years, M=25.21 years).
Participants were recruited online from https://prolific.co. They received approximately
300 ISK for a 15-minute session.
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For the second experiment, which was run in the laboratory, 12 participants were
recruited: females (aged 22-33 years, M=24.5 years) and 4 males (aged 18-23 years,
M=21.25 years). Participation was completely voluntary, with no payment provided.

Twelve participants took part in Experiment 3: 7 females (19-39 years, M=28.2 years)
and 5 males (22-37 years, M=24.86 years). Participants were recruited online from
https://prolific.co as in Experiment 1.

In all three experiments, participants reported being native speakers of English and
having normal or corrected to normal vision. Participants were informed that they were
free to end their participation in the experiment any time they wanted.

3.2.2 Paper Il. Apparatus

Experiments T and 3 were run online, so there was no control of the precise display or
audio parameters. There was also no control of the equipment used. The code was
written in JavaScript fo run the task in a standard browser. It was impossible to run this
code on a smartphone or tablet. A number of studies have shown that the display and
response time capabilities in online Experiments can be comparable to lab-based
testing (Bridges et al., 2020; Chetverikov & Upravitelev, 2016; Thornton, Tagu, et al.,
2021), at least for a task similar to the one tested here. The code checked whether the
stimuli were presented in full-screen mode and that the effective frame rate of the
display was approximately 60 Hz. Participants were allowed to use trackpads to move
the cursor, but their “clicks” on a target were registered only after the participants
pressed the space bar. In the current Experiments, participants were required to have
working headphones or speakers to hear the sound accompanying the change in the
target stimulus. A sound discrimination test was run before participation to check
whether the sound on a participant's computer was working properly.

Experiment 2 was run in the laboratory to replicate and check the result patterns
observed in Experiment 1. An ASUS Nvidia G-Sync monitor (model PG279Q) was used
in the laboratory experiment. The screen dimensions were 60 x 34 cm, with an effective
1920 x 1080 pixels resolution. The monitor was connected to a Windows 10 computer
running Google Chrome (Version 108.0.5359.124 (Official Build) (64-bit)), and the
monitor refresh rate was fixed at 60 Hz. Participants were seated approximately 60 cm
from the screen, with an MI-2500X optical mouse from Trust and a K120 Logitech
keyboard in front of them. The sound was played through the default monitor speakers.
Experiment 2 used almost the same code, accommodating a within-subject, blocked
design with increased repetitions.
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3.2.3 Paper Il. Stimuli and procedure

Eighty stimuli were presented on a grey background (size 800x600 px). In each ftrial,
there were 20 vertical targets among 60 distractors. Half of the distractors were
oriented 45° to the left, and the other half were oriented 45 ° to the right. All stimuli
were randomly distributed in a non-visible 10 x 8 grid. Stimuli size was 5 x 40 px. An
example of a trial is displayed in Figure 6.

Figure 6. Example of one trial in Experiments 1 and 2 of Paper II. Eighty stimuli were presented
on each frial (20 vertical targets and 60 distractors). Participants’ task was to move the sheep
(which served as a cursor) to the vertical lines and then press the spacebar to select targets. The

number of targets already selected was shown next to the text “score” on the screen. Block
number was denoted in the middle top position of the screen (1 block out of 4). The number of
the current trial was presented in the right top corner. A demo can be accessed at
https://maltacogsci.org/synchsearchdemo/.

Experiment 1 was run online. The experimental design included one between-subject
factor and one within-subject factor. The within-subject factor was called synchrony type.
It included two levels: vision only (trials where targets changed only their colour in
synchrony) and vision + sound (trials where their synchrony colour change was
accomplished with non-spatial sound). The between-subject factor was called synchrony
presence and had two levels: synchronous trials (trials where targets changed their
colour in synchrony with each other or accomplished with non-spatial sound) and
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asynchronous trials (trials where the targets were changing without synchrony). Four
blocks were presented in Experiment 1: two training blocks (5 synchronous trials and 5
asynchronous trials) and two main blocks (20 alternated synchronous and asynchronous
trials in each block). Participants completing the vision + sound condition had an audio
pretest, where their task was to report how many beeps (odd or even numbers) were
played. This pre-test was made to check whether they had working speakers.

In the second Experiment, participants came to the laboratory in a dark room for two
consecutive days to reduce the amount of time they spent on the experiment. There
were six sessions in tfotal (three per day). Each session had three blocks of trials for
each experimental condition: asynchronous, vision only (synchronous), and vision +
sound (synchronous). The blocks were presented in a random order, but the trial type
was constant within a block. There were 3 practice trials and 12 experimental trials
within each block, taking approximately 10 minutes per block to complete. There were
270 trials (6 sessions x 3 blocks x 15 trials).

The experimental procedure was similar for the two Experiments. In asynchronous trials,
half of the stimuli were coloured blue and half yellow. Each stimulus changed its colour
at a randomly determined time from the gap between 180ms and 500ms,
independently from each other. This value was randomly assigned. In synchronous
trials, target stimuli had the same colour at the beginning of each trial and changed
colour synchronously. In contrast, distractors changed colour in the same way as in the
asynchronous frials. The colour of the vision + sound condition targets changed with a
12 ms auditory beep (approximately 1930 Hz).

The participant's task was to collect 10 vertically oriented stimuli as fast as possible.
After each completed trial, feedback with the total time taken was provided. The trial
was abandoned and repeated in all three experiments if a distractor was selected.
Participants could rest between the frials.

It is important to mention that participants in Experiments 1 and 3 used different screens
because they were run online. Hence, stimuli cannot be described in visual angle
values. In Experiment 2, participants sat in the laboratory with a constant viewing
distance (60 cm) and a standard monitor (1920 x 1080). The size of the grey
background was 800 x 600 px (24 x 18° visual angle). The size of the item was 5 x 40
px (0.2 x 1.2° visual angle). The size of the sheep, which was used as a cursor, was 50
x 60 px (1.4 x 1.6° visual angle.)
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Figure 7 shows an example of the display for Experiment 3. The main characteristics,
time difference, and experimental design were similar to those in Experiments 1 and 2.
There were differences in the task and the targets. The task was to find as many targets
as possible within a 10-second limit. Targets were also different: for 8 participants,
targets were oriented 45° clockwise, while for the other 8 participants, targets were
oriented 45° counterclockwise. These targets were randomly placed between 60
distractors randomly and independently assigned on each trial. Distractors had random
orientation in the space, but there were two constraints: no closer than 30° to vertical
and no closer than 30° fo target orientation.

Figure 7. Example of one trial in Experiment 3 of Paper Il. Eighty stimuli were presented on
each trial (20 targets and 60 distractors). The participants’ task was to move the sheep (which
served as a cursor) fo the fargets (the 45° lines) and press the spacebar to select targets. The

number of targets which were already selected were reported next to the score. The time left
before the trial ended was reported in the middle top position of the screen (here 6 seconds left
out of 10). The number of completed trials was presented in the right fop corner.

3.2.4 Paper Il. Data analysis

Dependent variables were similar for the first two experiments. In the case of the task in
Experiment 3, the average number of targets found per condition was added to the
analysis. The main speed-related variables for all Experiments were: the time to find the
first target (RT1); the intercept of the ITT (intertarget times) function (an estimate of per-
item speed during the so-called cruise phase of foraging, computed across the last 9
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target items); the slope of the ITT function (a measure of foraging efficiency during the
cruise phase, computed across the last 9 target items) and; the total completion time
(TCT) for the trial (an estimate of overall speed during the cruise phase of foraging,
computed by summing the ITTs for the last 9 target items). Another dependent variable
was the error rate (number of errors made per condition). Note that in the current
study, the foraging differs from many other studies (A. Kristjansson et al., 2014).
Participants always search for the same category and do not switch between them, so
assessing "run” behaviour is impossible. We estimated how organized the foraging
was using the bestr parameter (Woods et al., 2013). This measurement can help to
distinguish between global segregation and local grouping influences of synchrony. To
compute the bestr, we initially assessed the correlation between each target position
and serial selection position along the x-axis and y-axis individually in each ftrial.
Subsequently, we identified the larger coefficient of the two correlations, regardless of
the correlation’s sign. Lastly, these best-r coefficients were averaged across trials for
each participant, resulting in a singular measure for each condition. A low best-r
coefficient means disorganized foraging, while a high coefficient indicates organized
foraging (J6hannesson et al., 2016).

Experiment 1 analysis was performed on all dependent measures separately using a 2
(synchrony presence: synchronous/asynchronous) x 2 (synchrony type: vision
only/vision + sound) mixed ANOVA model. In experiments 2 and 3, all dependent
measurements were analysed using separate one-way repeated measures ANOVA with
the factor condition, having three levels: asynchronous, vision only (synchronous), and
vision + sound (synchronous). Pairwise t4ests with Bonferroni corrections were used to
analyse the difference between these conditions, where this test was applicable.

Bayesian analyses (Masson, 2011) were used to check the tests where the null
hypothesis was not rejected. We reported BFO1 and p(HO|D) for the cases where weak
evidence was obtained — specifically BFO1 < 3.0 and p(HO|D) < 0.75 (Jeffreys, 1998;
Raftery, 1995; Wagenmakers et al., 2011).

Data analysis was performed in RStudio using the rstatix, ez, and tidyverse packages
(Kassambara A., 2021; Lawrence MA, 2016; RStudio Team, 2020; Wickham et al.,
2019). Analysis scripts and raw data files have also been made available on the OSF
page associated with this paper at osf.io/xu5rd/.

3.3 Paper lll: Cross-modal cues improve the detection of
synchronized targets during human foraging

Two experiments were performed in this study. Experimental procedures conformed to

the declaration of Helsinki. All participants confirmed they had read the informed

consent and understood the fask. Participants signed the hard copy of the informed
consent form for both Experiments.
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3.3.1 Paper Ill. Participants

Twenty-four people participated in both experiments (18 females, Mean age = 26.7),
and there were 12 in each experiment. People participated voluntarily and were
recruited via convenience sampling from the wider University of Iceland community. All
participants provided written, informed consent forms and knew they could end
participation at any time.

3.3.2 Paper lll. Apparatus

The current study was conducted in the same laboratory as Experiment 2 in paper |I.
See section “Paper Il. Apparatus” for monitor parameters, Google Chrome version,
computer system, optical mouse model, and keyboard model. Both experiments were
programmed in JavaScript. The default monitor or computer speakers were used to
present the sound. In the condition where vibrations were used as a haptic cue, we
used a custom-made bracelet which consisted of a Lofelt L5 voice-coil actuator (same as
in the Paper I} that responds to audio signals, that was placed in 3D-printed plastic
casing, placed flat up against the skin (Z&varsson et al., 2022; Yeganeh et al., 2023).
We set up this condition with an external music card (Logilink 7.1 channel USB sound
box). During this condition, participants wore headphones playing auditory white noise
to block the sound coming from the actuator.

3.3.3 Paper lll. Stimuli and procedure

Thirty-six stimuli were presented on each trial in a 6 x 6 grid on a grey background. The
diameter of each black circle was 1.45°. A small dot (diameter approximately 0.1°) was
placed on each circle to show its movement. One step of the dot was equal to 30°,
starting from a random location. The dots could move in both directions. There was 1
template (upper left corner), 23 distractors, and 12 targets. On the targets, the position
of the dots rotated in synchrony (at the same rate). The remaining 23 items came from
the two distractor sets, moving faster or slower than the fargets by a fixed offset of 167
ms (10 refresh cycles).

The participants’ task was to collect 6 targets as fast as possible. There were two
conditions in Experiment 1. The first condition was called the “No cue” condition.
Participants searched for 6 fargets relying only on the template. The second condition
was called “Sound cue.” Every movement of the targets was accompanied by an
auditory beep (same as in Paper Il, 1930 Hz). Two additional conditions were added in
Experiment 2. The first two conditions were the same as in Experiment 1, the “No cue”
and “Sound cue” conditions. The third condition in Experiment 2 was the “Visual cue”
condition. The target movement was synchronized with the colour change of the frame
from white to black. The last condition was called the “Haptic cue” condition. The
target movement was synchronized with a haptic pulse lasting 12 ms. lts frequency was
equal to 150 Hz, close to the optimum frequency for vibrotactile perception (Zvarsson
et al., 2022).
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The experiment began after participants received instructions via consent form, their
questions, if any, were answered and they signed consent forms. If participants clicked
on the target, the dot on the circle disappeared, and the “Score” rate increased. If they
clicked on a distractor, the dot on the circle remained visible, and the “Errors” counter
at the top-right of the screen increased. The trial ended after the successful selection of
6 fargets. At the end of each trial, participants received feedback on the number of
errors made and total completion time.

An example of one trial can be found on Figure 8.

Figure 8. Example of one trial in Experiments 1 and 2 of Paper Ill. The small black dots changed
position around the circumference of their hosting circles at a specific rate. There were three
groups of 12 objects that moved in synchrony at a fast, medium or slow rate. The 12 target dots
were always defined as the dots moving at the medium speed (an example farget was always
present at top left). See text for further details and https://maltacogsci.org/circleSynch/DEMO/
for a dynamic demonstration of the display and task.

Both experiments were organized into blocks equal to the number of conditions in each
experiment (two in Experiment 1 and four in Experiment 2). The presentation of the
blocks was randomized. Experiment 1 took approximately 25 minutes to complete (2
blocks x (2 practice + 10 main trials)). Experiment 2 took approximately 55 minutes to
complete (4 blocks x (2 practice + 10 main trials)).
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3.3.4 Paper lll. Data analysis

The following dependent variables were analysed in the current paper: first target
selection time (RT1), the slope of the RT x target number function, and the average
number of errors. The main purpose of the first variable was to estimate response
properties to later selection (A Kristjdnsson et al., 2014, 2020; Olafsdéttir et al., 2016;
Thornton & Horowitz, 2004, 2020) and to compare the results directly with Paper II.
The slope function characterises search patterns in the trial. Error analysis provides
insights into the speed/accuracy tradeoffs in the search.

In both experiments, repeated measures ANOVA was chosen for the analyses of slope
functions. Paired ttests were used in Experiment 1to compare error rates and RT1, and
a One-way Repeated Measures ANOVA was used to analyse error rates in Experiment
2. Violations of sphericity were corrected using Greenhouse-Geisser adjustments to the
degrees of freedom, and we used Holm corrections for multiple comparisons.

As in all previous studies, data analysis was performed in Rstudio, using the rstatix, ez,
and tideverse packages (Kassambara A., 2021; Lawrence MA, 2016; RStudio Team,
2020; Wickham et al., 2019). Analysis scripts and raw data files have been made
available on the OSF page associated with this paper at OSF page
(https://osf.io/yrmp8/).
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4 Results

As described in the "Data analysis” sections, many dependent variables were assessed.
Hence, many statistical tests were conducted to answer research questions. The detailed
results can be found in the papers in the appendix. Some extra analyses and raw data
can be found on the OSF projects’ pages. In the current section, only the main results
of the papers will be discussed.

4.1 Paper l: The Haptic Intensity Order lllusion Is Caused by
Amplitude Changes

In this paper, our main goal was to investigate whether the IOl is caused by amplitude
or frequency changes. All the participants’ responses were recalculated as a proportion
of “up” responses. All possible frequency and amplitude value combinations were
analysed and compared using three-way Repeated Measures ANOVA.

Our results provide clear evidence that amplitude changes are the primary cause of the
IOI. This is evident from the descriptive Figure 9, which illustrates the role of frequency
in Experiment 1 of the first paper. Furthermore, our statistical analysis confirms that the
significant difference in 10l appeared only in the groups where amplitude was
manipulated. These findings contribute to our understanding of the IOl phenomenon
and have potential implications for future research in this area.

Secondly, the Lofelt L5 actuators were successfully tested and used in the current
research. After this positive result, our group used them several times including Paper
Il that is presented in the current work.
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Figure 9. Results of Experiment 1 in Paper |. The proportion of “up” responses as a function of
amplitude differences between the first and second stimulation (strong-strong, strong-weak, weak-
strong or weak-weak). The data are separated by the direction of stimulation (whether the second
stimulation was up, down or in the same location, relative fo the first stimulation) and by the
combinations of frequencies of the first and second stimulation (high-high, high-low, low-high or
high-low). The horizontal lines in the box plots represent medians. The top horizontal line of the
boxplot represents the upper quartile (75%), the bottom horizontal line represents the lower
quartile (25%). The top vertical line going from the boxplot represent the maximum value, the
bottom line represents the minimum value. The filled dots represent outliers. The hollow dots

represent the means for individual participants.

Another result shows that no 10l appears for differential stimulation in the horizontal
direction, as there was seen for differential vertical stimulation. Current results imply
that the 1Ol may be linked to effects in which specific types of stimulation have a
directional component, where, in this case, amplitude increases are potentially
connected with the "up” direction.

Finally, our results show how the 10l was replicated using different actuators than in the
original report by Hoffmann et al. (2019). Nevertheless, the 10l appears much stronger
when the second stimulation is higher than the first stimulation. The 101 effect tends to
be very weak when the second stimulation is lower than the first stimulation. Current
results are less clear than they were in the previous work of our research group in
Hoffman et al. (2018). However, the main effect of the 10l when the same actuator
activity follows the first stimulation tends to be strong. Overall, we mostly replicated our

group’s previous findings.
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4.2 Paper ll: The effects of visual and auditory synchrony on
human foraging

The main goal of the research in Paper Il was to understand whether attention can be
driven by visual synchrony and whether this could be reflected in faster foraging
performance. Additionally, we studied the multimodal effects of the combination of
visual and auditory synchrony. Three experiments were conducted to understand these
topics.

In Experiment 1, our primary inquiry involved whether foraging behavior would
demonstrate variability based on the synchronicity of visual and auditory stimuli. Our
findings provided compelling evidence that the presence of synchrony does indeed
impacts foraging. Specifically, we observed reductions in both the time taken to locate
the first target (RT1) and the duration of the search time of the trials after first target was
found (TCT), alongside an increase in the level of search organization (best-r) when
target colour changes were synchronous compared to asynchronous changes. Analysis
of the intertarget interval (ITT) pattern during the cruise phase indicated that synchrony
offers relatively modest benefits through local grouping rather than altering target
detection via global segregation. In the Figure 10 results for the TCT can be found.

Despite expectations based on the "pip-and-pop” effect (Van der Burg et al., 2008)
found for single target visual search, adding a cross-modal auditory cue to target
synchrony did not enhance performance in the current Experiment. However, the
between-subject design used and the inherent variability in auditory environments when
conducting the study online may have limited our ability to detect subtle cross-modal
advantages, particularly given the presence of a robust visual synchrony cue. Null
effects associated with synchrony type exhibited weak supporting evidence in our
Bayesian analyses, along with trends indicating overall speed differences between
participant groups. To address these uncertainties, we opted for replicating Experiment
1 under more controlled laboratory conditions, utilizing a within-subject design, before
drawing definitive conclusions regarding any beneficial of cross-modal synchrony on
foraging.
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Figure 10. Results of the trial completion time (TCT) duting the cruise faze in Experiment 1 in
Paper Il. The horizontal lines in the box plots represent medians. The top horizontal line of the
boxplot represents the upper quartile (75%), the bottom horizontal lines represent the lower
quartile (25%). The top vertical line represents the maximum value, the bottom line represents the
minimum value. The dots represent individual participants’ median TCT's.

Therefore, Experiment 2 was run in the laboratory conditions to verify the previous
results and collect more data. We also made some adjustments that could potentially
enhance the detection of any cross-modal synchrony benefits if present. Transitioning to
a within-subject design and conducting the Experiment under controlled laboratory
conditions with increased trial repetitions notably influenced overall performance levels.
Participants exhibited quicker response times and reduced variability across all
dependent variables compared to Experiment 1, except for the cruise-phase slopes.
Importantly, we successfully replicated the synchronous advantage observed in
Experiment 1, wherein performance on synchronous frials surpassed that of
asynchronous frials. The results fro TCT can be found in Figure 11. Distinctly positive
cruise-phase slopes and spatially organized search patterns further strengthen the
notion that synchrony enhances local grouping of targets rather than inducing global
segregation, where they would conspicuously "pop out.” This absence of evident
global segregation remained consistent across both the sound-only and sound + vision
conditions of Experiment 2. Despite expectations regarding cross-modal synchrony,
there was still no indication of any supplementary advantage from including sound. This
replication of patterns observed in Experiment 1 alleviates our previous concerns
regarding the methodological limitations of the online, between-subject design
employed in Experiment 1.
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Figure 11. Results of the trial completion time (TCT) duting the cruise faze in Experiment 2 in
Paper Il. The horizontal lines in the box plots represent medians. The top horizontal line of the
boxplot represents the upper quartile (75%), the bottom horizontal lines represent the lower
quartile (25%). The top vertical line represents the maximum value, the bottom line represents the
minimum value. The dots represent individual participants’ median TCT's.

Based on the results of the Experiment 2, we tried to increase the difficulty of the task.
Our idea was that increased difficulty would push participants towards using cross-
modal cues.

The results of Experiment 3 showed that our manipulation to increase the difficulty of
the search was successful. Time spent detecting the first target (RT1) and general time
patterns of the foraging behavior increased compared to Experiment 1 (as in
experiment 1, this was an online study). But even with this increased difficulty, the
number of targets detected within 10 seconds was equal for the visual and visual +
sound conditions. Results for the number of targets selected in one trial can can be
found in Figure 12. These results appeared in all three studies, showing that visual
synchrony provides advantages in foraging, while no advantage was observed from the
non-spatial sound. The results of Experiment 3 also show that the search time patterns
for the RT1 differ from the results of Experiment 1. There was no difference between
conditions for RT1. Participants could have used different strategies compared to the
previous experiments in this paper. Speculatively, participants tried searching for as
many targets as possible and then clicked on them.
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Figure 12. Results for the average number of targets collected per condition in Experiment
3 in Paper II. The horizontal lines in the box plots represent medians. The top horizontal
lines of the boxplots represent the upper quartiles (75%), the bottom horizontal lines
represent the lower quartiles (25%). The top vertical lines represent the maximum
value, the bottom lines represent the minimum value. The dots represent individual

participants’ median results.

To sum up, the results of the current paper were surprising for us, in particular that
there were no advantages from the auditory cue, and to clarify some questions our
group decided to conduct the studies presented in Paper lIl.

4.3 Paper lll: Cross-modal cues improve the detection of
synchronized targets during human foraging

In the previous study (paper Il), our group showed that visual synchrony can aid
foraging performance, even though this synchrony was irrelevant to the task. The results
showed that visual synchrony aids the performance, while additional synchrony cueing
from sound gave no benefits. One of the possible explanations for the previous results
was that the task was too easy fo complete, so participants did not need to rely on
multimodal cueing.

In the current research, our group conducted two experiments, where Experiment 2
replicated and extended the results of the Experiment 1.

In the first experiment, our group compared the “Sound cue” to the “No cue”
condition. In the “Sound cue” condition participants searched for the target stimuli that
were moving synchronously with a non-spatial sound. In “No cue” condition
participants searched for the target stimuli without any hints. The results showed that
participants significantly benefit from the cross-modal cueing. Search time in trials with
non-spatial sound was significantly lower than in the trials with no hints.
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In the second experiment, we compared cues from the different modalities (“Visual
cue”, “Haptic cue”, “Sound cue”) with the baseline (“No cue”) condition. “Sound
cue” and “No cue” conditions were same as in Experiment 1. In the “Haptic cue”
condition the target movement was accomplished with a vibration to the wrist. This
vibration did not provide any information about the position of the fargets. In the
“Visual cue” condition the frame of the search field changed the colour from white to
black in synchrony with the target's movement. The results showed that cross-modal
cues (“Sound cue” and “Haptic cue”) can aid foraging when the targets defined by
synchrony. In addition, cross-modal cueing gave a far larger advantage than within-
modal cueing. Interestingly, visual cueing did not differ from the baseline level. It did
not aid visual foraging. Results for Experiment 2 can be found in Figure 13.
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Figure 13. Results for several variables for Experiment 2 in Paper Ill. A — Search time as a
function of target number in Experiment 2. Error bars represent 95% confidence intervals. B-C —
The slope of the RT x target number function and the error rates in Experiment 2. The horizontal
lines in each box plots represent the median. The top horizontal line represents the upper
quartile (75%) while the bottom horizontal line represents the lower quartile (25%). The top
vertical lines represent the maximum value, while the bottom lines represent minimum values.
The large dots represent individual mean slope values. The small dot shows the overall mean.
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These results differed from what was observed in all Experiments in Paper Il, where
visual synchrony as cue, was enough to aid foraging performance. A possible
explanation for this difference is that visual synchrony (same rotfation rates) identified
the targets in Paper Ill. Rotation rates were relevant to the task, while in Paper Il, the
targets were identified through the spatial orientation of the stimuli. In paper Il visual
synchrony was used as a cue. This change in the feature defining the targets increased
the benefits of cross-modal synchrony cues.

Another possible explanation, that the task in Paper Il was more complicated than in
Paper Il (Experiment 3). Hence, participants relied more on cross-modal cues.
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5 Discussion

Our brains create perceptual multimodal representations of the surrounding world by
combining information from different senses. The current model of perception works
for people with fully functional perceptual systems. However, in situations where
individuals are born without a functioning cochlea, the essential sensory organ of the
auditory system, or with an eye disconnected from the brain, how does this impact the
development of perceptual representations? Here, the sensory substitution plays a role.
Sometimes, if we lose our eyes, that does not mean that we have lost our ability to see
(Bach-y-Rita & W. Kercel, 2003; A. Kristjansson et al., 2016).

The general theme behind the studies presented in this thesis is the investigation of
multimodal aftention, with the aim of leveraging this understanding to design sensory
substitution devices (SSD). Additionally, our research explores the most effective
methods of presenting information through SSDs, taking into account the limitations of
human perception.

In Paper |, our group aimed to understand what factors cause the intensity order illusion
(I01). Another important goal was to test the actuators. Our group planned to use these
actuators in the design of the SSD. These actuators were also used in Paper IIl.

In Paper Il, our group studied the effects of visual synchrony on multiple target
foraging. Another important topic our group studied was the mechanisms underlying
the search improvement. Finally, our group was trying to find how additional cross-
modal cues affect performance.

In Paper Ill, our group investigated whether cross-modal cues aid foraging more
effectively than unimodal cues. Another research question was dedicated to the effect
of visual synchrony on multiple-target foraging.

In what follows, | am going to discuss main results of these papers. The first part, Tactile
Perception and Sensory Substitution Devices,’ (section 5.1) covers Paper | and Paper I
discussions and highlights how factile perception can affect sensory substitution
devices. The second part, 'Multimodal attention and Sensory Substitution Devices,’
(section 5.2) discusses Paper Il and Paper lll and highlights the potential of using
multimodal attention in developing more effective SSDs.

5.1 Tactile attention and sensory substitution devices

For the development of high-quality sensory substitution devices, you need to consider
many things such as: the most effective way to perceive information through substituting
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modality, the amount of information that can be sent to the substituting modality so that
it does not become overloaded, and many more. One of the possible problems that
you may face involves illusions. Tactile illusions involve the interpretation of the object
through the touch that does not directly reflect the stimulation and can therefore
provide clues about how the nervous system interprets tactile information. There are
several examples of tactile illusions where people underestimate the distance between
the stimuli (Carter et al., 2008; Lechelt & Borchert, 1977) or even geometrical illusions
that have mostly been studied for the visual modality (Gentaz & Hatwell, 2004; Ziat et
al., 2014).

Perceptual illusions, like those observed in sensory substitution, offer valuable insights
into sensory processing. Hofting and Réder (2004) found that a single tfactile stimulus
accompanied by multiple auditory sounds can create the perception of multiple
touches, akin to visual-auditory illusions described by Shams and his collegues (Shams
et al., 2000). Notably, congenitally blind individuals were less susceptible to this effect,
suggesting differences in multisensory integration. Other examples include the McGurk
effect, where lip movements influence perceived speech, and the cutaneous rabbit
illusion, generating illusory movement through rapid stimulation. While these
phenomena pose challenges for sensory substitution, they also inform our
understanding of haptic processing, crucial for improving such technologies. Further
exploration of these illusions holds promise for enhancing sensory substitution devices
and unravelling underlying perceptual mechanisms.

In Paper | of this thesis we studied the so-called intensity order illusion. The 10,
primarily driven by amplitude changes rather than frequency modulation, suggests that
this illusion can be most likely caused by receptors sensing amplitude changes. These
findings align with previous research highlighting the role of attention in factile
discrimination and localization tasks (Cholewiak et al., 2001; Cholewiak & McGrath,
2006).

Anisotropies, or direction dependencies, are observed in tactile perception, particularly
for pressure stimuli, showing higher horizontal than vertical acuity across various body
parts and tasks (Cholewiak, 1999). The Weber illusion further supports this, revealing
that perceived distance between two points is larger on sensitive than insensitive skin
(Weber, 1996). Recent studies using vibratory stimulation on the back confirm these
findings. However, while tactile anisotropies have been extensively studied for pressure
stimuli, results regarding vibrotactile stimulation are mixed, with some studies showing
significant anisotropies (Sofia & Jones, 2013), while others do not (Van Erp, 2005).
Hoffmann et al. reported higher accuracy for horizontal vibrotactile stimulation,
suggesting lower precision in the vertical dimension, potentially increasing the
likelihood of perceptual illusions (Hoffmann, Brinkhuis, et al., 2018).

Plaisier, Sap & Kappers (2012) found that vibrotactile stimulation using eccentric
rotating mass actuators resulted in longer perceived distances for vertical than for
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horizontal stimulation. Moreover, distances were perceived as longer when vibration
occurred bilaterally along the spine compared to unilateral stimulation, potentially due
to hemifield effects in vision (Alvarez & Cavanagh, 2004; Luck, S. |. et al., 1989).

Our findings are in line with most of the previous studies and suggest that
understanding the role of attention and of perceptual interpretation in tactile perception
is essential for optimizing the effectiveness of sensory substitution devices, ensuring
that they provide meaningful and actionable feedback to users.

Paper | also showed, that Lofelt 5 actuators provide us with good quality tactile stimuli
that can be used for SSD’s. The same actuators were also used in Paper lll. This paper
provides us with interesting insights about the way how we can combine tactile attention
and visual atftention.

Tactile attention is used a lot as a cue in the modern world. Mobile phones provide
people with all kinds of feedback through such vibrations. The results of the research in
Paper Ill shows that haptic cueing could be as effective as visual cueing. These results
shows that tactile attention is a very important topic to study in the future and can be
broadly used for Sensory Substitution Devices.

Another broad field that was covered in this thesis is the integration of different
modalities to complete visual search tasks, which is one of the most common tasks in
the real world. How do cues from different modalities affect performance on visual
search tasks? How can this information be used in developing SSD’s?

5.2 Multimodal attention and sensory substitution devices

Human aftention is a limited resource, leading to selective filtering of sensory
information (A Kristjdnsson, 2006; Most et al., 2005; Neisser, 1967; Treisman, 1960;
Wolfe, 2021). This impacts various sensory modalities; for instance, in vision,
observers often miss significant changes that occur during eye movements (Grimes,
1996). Similar constraints apply to haptic perception (Gallace et al., 2006),
emphasizing a universal principle of attention and perception. An illustrative example is
evident in cockpit displays (Haines, 1991). Pilots focusing on instrument readings often
miss vital information, such as obstacles during landing. This scenario has implications
for sensory substitution, where prioritizing substitute sensory inputs, like auditory cues
via headphones, may detract from attending to real-world sounds (Karcher et al., 2012).

To address these challenges, sensory substitution devices must minimize demands on
aftentional resources to prevent sensory overload (Elli et al., 2014; Kristjdnsson et al.,
2016). Additionally, auditory substitution should complement rather than interfere with
the natural auditory environment (Collins, 1985). Neglecting these processing
constraints could limit the effectiveness of sensory substitution devices in practical
scenarios (Loomis et al., 2018), highlighting the importance of understanding sensory
and attentional mechanisms in their design.
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In Paper Il and Paper lll, our group studied the effect of synchrony on the performance
during multiple target foraging. In Paper Il, synchrony was not a target feature, while in
Paper lll, participants had to search for synchrony. Our group expected that synchrony
would enhance foraging, making the targets more easily discernible from the
distractors. There were two main hypotheses as to why synchrony can lead to a "pop-
out” effect: global segregation or the "local grouping” effect of the targets. Cross-
modal cueing was another thing that was studied in these papers. In paper I, we
expected additional benefits from audio cueing, which appeared synchronously with
changes of target colour. In paper lIl, different types of cues and their effect on the
foraging compared to the condition with no cues were tested.

In Paper I, results showed clear benefit from visual synchrony, while no additional
benefit from cross-modal cueing was found. Those results were observed in all
experiments in Paper |l.

While our group anticipated synchronous items to pop out among distractors, our
findings revealed a more nuanced picture. Contrary to expectations, no additional
benefit appeared from non-spatial sound. There was no difference between
synchronous trials with and without non-spatial sound for following dependent
variables: RT1 (response times for the first selected target), ITT slopes, best-r, number of
targets found in Experiment 3. This lack of synchrony "pop-out” aligns with previous
visual search studies by Cavanagh et al. (2001), Li et al. (2014), and Thornton and
Vuong et al. (2021), which reported inefficient search even with synchronous stimuli.
My proposal is that synchrony may aid foraging performance through local grouping
rather than global segregation, facilitating more organized search patterns.

Additionally, our group explored whether cross-modal synchrony via non-spatial sound
could enhance performance, inspired by Van der Burg et al.’s (2008) "pip and pop”
effect. However, our experiments did not replicate these benefits in a foraging task for
multiple targets, suggesting a complex relationship between synchrony and task
dynamics.

My proposal is that that synchrony aids performance through local target grouping,
guiding aftention to synchronized items once a target is selected. This mechanism,
supported by our findings of organized search patterns, suggests a locally guided
foraging process. Despite expectations based on previous studies, cross-modal
synchrony via a non-spatial sound did not improve performance in our experiments.
Unlike the "pip and pop"” effect reported by Van der Burg et al. (2008), synchronous
sound did not reduce completion times, challenging the idea that it enhances bottom-
up processing. Our results suggest that while auditory and visual cues may bind for
single items, this binding may be hindered by grouping, eliminating the expected
benefits from auditory synchrony.

Our results align with those of Fujisaki et al. (2006), who demonstrated deteriorating
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target detection with increasing unsynchronized visual distractors, suggesting
sequential processing in spatiofemporal synchrony benefits. Response times in the "pip
& pop" paradigm increase with set-size, challenging the idea of auditory cue-induced
pop-out. The integration of sight and sound can vary widely based on temporal and
spatial factors (Arnold et al., 2005; Driver, 1996; Reisberg, 1978), making it sensitive
to specific perceptual and attentional parameters (Talsma et al., 2010). Exploring subtle
temporal differences may shed light on the presence of cross-modality benefits in future
experiments.

In summary for Paper Il, our experiments highlight limitations in the benefits of cross-
modally synchronous presentation in multiple-target search scenarios. While this alone
may not conclusively question the "pip-and-pop” effect, the absence of a cross-modal
foraging advantage, especially in the time taken to find the first target, is clearly
unexpected. Instead of solely varying target-distractor similarity, exploring other ways of
manipulating task difficulty could provide valuable insights. If we assume that vision
dominates in our tasks, reducing the overall reliability of visual input might potentially
benefit from sound.

In the next study | focused on manipulating the cross-modal cueing and making our task
more difficult, expecting that participants will rely more on the cross-modal cues.

In paper lll, despite the synchrony benefits from the cues, foraging remained slow and
effortful due to the dynamic nature of the target feature which was rotation rate. Unlike
singletarget searches for dynamic objects, the cues did not lead to any "global
segregation” of targets from distractors, suggesting a serial search process where each
item needs to be checked individually (Cavanagh et al., 2001; Rensink, 2000). The
synchrony cues aid in target identification but do not seem to facilitate attentional shifts
between items like in Paper II.

One question arises: why does the visual cue condition not offer the same benefit as
the cross-modal conditions? This discrepancy suggests within-modality conflict, possibly
due to resource competition (Navon & Gopher, 1979; Salvucci & Taatgen, 2008;
Wickens, 2002). Additionally, the duration of individual cue events varied between
modalities, which could influence cue efficiency. The key change from previous studies
is that synchrony became a defining feature of target identity, amplifying the cross-
modal advantage (Van der Burg et al., 2008, 2011).

Current findings also challenge the notion that cross-modal cueing benefits are
exclusive to biological stimuli, as the observed benefits in displays had lititle obvious
biological relevance. Further investigations will explore if these advantages extend to
biologically relevant displays (Nguyen et al., 2021; Shen et al., 2023).

In summary, the current studies provide us with the insights about the effectiveness of
the cross-modal cueing and how the information should be sent through the SSD using
different modalities not to overload perception mechanisms. These findings were
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proved by the results that occurred in Paper Ill, showing that cross-modal cueing was
more effective than unimodal cueing. More than that, the use of Lofelt 5 actuators for
tactile stimulation shows promise for SSD development, emphasizing the importance of

tactile and visual attention integration.
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6 Conclusions

The results of all three papers in the current thesis highlight different aspects, that need
to be considered when developing Sensory Substitution devices. This thesis is divided
info two main parts: the fundamental research of multimodal aftention and the
development and testing of SSDs. The primary goal is to deepen our understanding of
perceptual mechanisms and apply this knowledge to create more effective and usable
SSDs.

The first part of the thesis focuses on fundamental research, beginning with the study of
the Intensity Order lllusion (IOI) in tactile perception. This section aims to answer the
question: What are the underlying mechanisms of the 10I? Specifically, it examines
whether changes in amplitude or frequency of sequential stimulations cause the 10I.
Advanced tactile actuators that allow independent manipulation of these parameters are
used to isolate the contributing factors and assess the generalizability of this
phenomenon. In Paper | the first aim was addressed. It was found that intensity order
illusion is caused by amplitude changes, not frequency manipulations. Also, the
previous results were partially replicated (Hoffmann, Brinkhuis, et al., 2018), using a
different type of actuators from the original study (Lofelt 5). These actuators were used
in our subsequent research and in our ongoing development of Sensory Substitution
devices involving tactile stimulation (Yeganeh et al., 2022, 2023, 2024). The results of
experiment 2 show that this effect is specific to the vertical dimension and does not
occur with differential stimulation in the horizontal dimension. Moreover, our findings
suggest a perceptual anisotropy: the intensity order illusion for vibrotactile stimulation is
less pronounced when the second stimulus is below the first, compared to when it is
presented in the same location or above it. The answer for the first research question is
that the possible mechanisms underlying are connected to the mechanoreceptors which
react to the amplitudes. This finding highlights the importance of amplitude in shaping
tactile perceptual experiences.

The second part of the thesis investigates multimodal attention, particularly how visual
and auditory synchrony influences attention and perceptual performance in foraging
tasks. The key research question here is: How do visual and auditory synchrony
influence attention and perceptual performance in foraging tasks? Inspired by the "pip
& pop” phenomenon, this study examines whether synchrony can guide attention,
improve search accuracy, and reduce search time. To address this question, we
perfromed the experiments in the second paper. The findings consistently showed a
significant advantage of visual synchrony across all three experiments. Surprisingly,
contrary fo the expectations based on the "pip-and-pop” effect (Van der Burg et al.,
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2008), synchronous auditory cues did not provide any additional benefits upon
foraging performance, above visual synchrony. While the benefits of visual synchrony
contribute to our understanding of spatial and temporal grouping effects in vision, the
absence of benefits from auditory cues highlights significant limitations in exploiting
synchrony for performance enhancement. The answer for the second research question
is that visual and auditory synchrony influence attention and perceptual performance in
foraging tasks by enhancing the saliency of targets and improving detection accuracy
through multimodal integration.

Based on the research in Paper Il, we designed the experiments presented in paper Il
The goal was to explore the effects of cross-modal cues on the defection of
synchronized fargets in complex visual foraging tasks, addressing the question: What
are the effects of cross-modal cues on the detection of synchronized targets in complex
visual foraging tasks? This involves comparing the effectiveness of unimodal versus
multimodal cueing. In summary, the findings demonstrate a significant advantage
conferred by cross-modal audio and vibrotactile synchrony cues, whereas this
advantage is absent for a non-spatial visual cue. These results underscore the critical
role of cross-modal interactions in elucidating visual aftention, temporal aftention, and
scene comprehension. Additionally, these findings have strong implications for the
development and refinement of sensory substitution devices aimed at enhancing
sensory perception and information processing. The answer for the third research
question can be formulated in the following sentence: cross-modal cues significantly
enhance the detfection of synchronized targets in complex visual foraging tasks by
providing additional sensory information that helps to highlight the relevant stimuli,
thereby improving accuracy and speed of target identification.

The thesis primarily presents research led by the author, focusing on the aims and
findings of these studies. A detailed description of collaborative research can be found
in the infroduction. Overall, this work contributes valuable insights into tactile
perception mechanisms, sensory interaction, and practical applications for SSDs and
multimodal interfaces.

All these results highlight the importance of studying tactile attention and multimodal
aftention from various angles, using different methods. Multimodal attention studies will
provide lots of important insights about the developing and increasing the quality of
Sensory Substitution devices.
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