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Abstract

Visual spatial perception, including perception of objects in their surrounding
environment while moving or stationary, is fundamental for any humans to navigate the world.
Numerous visual cues provide a moving observer information about the space they navigate and
correctly interpreting such information is vital to effectively interact with, or avoid, the elements
around them. In Chapter 2, I found that people generally thought an object was more eccentric
from straight-ahead than it actually was when judging its position. After being moved laterally,
they made additional updating errors when they thought their movement could not be real (i.e.,
when they were sitting on a fixed chair that they knew could not be moved) compared to when
the real movement is possible (i.e., when they were sitting on a moving platform that they knew
could move). These updating errors depended on how much they were simulated to move. In
Chapter 3, I provide evidence that familiar objects displayed in a 2D scene can be used to judge
an object’s size, but not its position (i.e., elevation in the scene). However, it is not enough to
derive the correct distance simulated on a screen. In Chapter 4, I demonstrate that when an object
displayed in a semi-immersive set up of a 2D scene (with full-size screen, a ground plane
continuous with the experimental room, and familiar objects) people can correctly judge its size
and absolute distance but not its position. Combined with the results from Chapter 3, people
appear to rely on different visual cues when judging size and distance which suggest that the two
processes are independent from each other. Incorrectly judged eye height and the height of the
horizon in the scene may also influence people’s perception of object size and position
differently, but my results were not conclusive and further research is needed. Overall, my
research has demonstrated that visual spatial perception is a complex process where people rely
not only on different cues for different purposes but are also influenced by whether what they

experience could be real or not.
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Visual Perception of Position and Size by Moving and Stationary Observers

1.0. General Introduction

In our daily lives, we must navigate through environments filled with objects. To do this
effectively and safely, it is important to accurately gauge the spatial relationships between those
objects in the environment and the self. This is called spatial perception and it is a key ability for
any living animal to navigate the world. We can perceive space using various sensory systems
including auditory (Voss, 2016), haptic (Kappers & Koenderink, 1999), and visual systems
(Sedgwick, 2005). The visual system is the most reliable in spatial perception, however, people
still make errors in distance (Foley, 1980; Z. Li et al., 2011) and position (Kim, 2019; Prablanc et
al., 1979; Vercher et al., 1994). In this dissertation, | measured people’s visuospatial ability to
judge an object’s position relative to them when viewing it in 2D and 3D rendition of a space. By
varying visual cues and the presentation methods of the scenes I investigated how different

visual cues impact people’s perception of object positions in space.

In this introductory chapter, I review how people perceive the position of an object in
space and the contributing factors that can influence its perceived position and size. In Chapter 2,
I investigate how well the perceived position of an object is updated after a lateral self-motion in
a 3D virtual reality. Chapter 3, I look at the accuracy of people’s distance perception when
viewing an object on a 2D rendition of a scene on a computer screen using the object’s size and
its elevation on the screen. In Chapter 4, the perceived distance using the object’s size and its
elevation on the screen is measured again with a full-size projection of the 2D scene onto a wall.
Overall, this dissertation focuses on the contribution of self-motion and spatial features in the

human perception of an object in their visual field.



1.1. Perceiving the Position of an Object

The key parameters that describe an object’s position relative to the observer (i.e.,
egocentric representation of object position) are its distance and direction. The distance of an
object from the observer (i.e., absolute or egocentric distance) is the amount of space between
them. Knowing the correct distance to an object is important for various actions such as reaching,
walking or driving to gauge how far one must move to interact with it. Knowing the direction of
an object from the observer allows the person to plan out the direction of their movement to

either avoid or interact with it when navigating.

It is also important to consider the relative distance (i.e., depth) and position between
objects when there is more than one object (i.e., allocentric representation of object’s position
relative to other objects) as people use both egocentric and allocentric representations of space in
their spatial perception and memory (Burgess, 2006). In this dissertation, I only measured the

observer’s perception of distance and position relative to themselves (i.e., absolute distance).

L1.1. Distance Perception

There are two classes of visual distance cues involved in judging the absolute distance of
an object: binocular and monocular cues. Binocular cues, such as stereoscopic disparity (Mather
& Smith, 2000) - difference in the images projected on the two retinas - and vergence (Tresilian
et al., 1999) - oculomotor cue from the two eyes’ movements when looking at the object, are
from the sensory information from the right and left eyes. Monocular cues, such as
accommodation (Takeda et al., 1999) - oculomotor cues from the eyes’ lenses adjusted to focus
on the object, visual size (Ittelson, 1951; Kunnapas, 1968), and ground texture (Brenner &
Smeets, 2018; Sedgwick, 2021) are some of the sources of visual information that can be

detected with one eye. Motion (or monocular) parallax - angular velocity of an object inversely



proportional to its absolute distance, also provide depth information (Rogers & Graham, 1979).
The sensitivity to each of these distance cues varies depending on the distance of the object, as
shown in Figure 1.1. In this dissertation, all the distances were between 1.75 m and 25 m, which

is considered within action space.

Personal Action Vista
Space : Space . Space
binocular disparities : occlusion
g height in'thc visual field
0.01 * ulanu size

} relative

density
motion perspective

ac mmod ation
& con\'crgcncc\
1.0 &4

i B 10 : 100 1000 10,000

Distance from Observer (m)

Figure 1.1: Sensitivity to depth cues. The difference in depth (%d) required for observers to

distinguish two distances as a function of absolute distance (from Cutting & Vishton, 1995). The
orange shaded area in the graph, between 1.75 m and 25 m, represents the distance covered in
this dissertation.

Past studies have shown that binocular depth cues become less reliable at a long distance
as the disparity between the two eyes decreases (Harwerth et al., 1998; Schor & Flom, 1969).
Although it does not become obsolete and still helps in judging relative distances between light
sources (Allison et al., 2009; Palmisano et al., 2010), its effectiveness decreases beyond a few
meters resulting in larger errors for more distant objects (Foley, 1980). Binocular cues can work
against the viewer when working to interpret a 3-dimensional (3D) scene portrayed on a 2-

dimensional (2D) space, e.g., a painting or a computer screen, since they tell the viewer about the



distance of the canvas or screen and compete with the distance portrayed in the picture.
Therefore, we must rely more on monocular cues when looking at an object at far distances or at
a scene projected on a 2D display. In the real world, monocular cues such as accommodation is
typically accompanied by a vergence appropriate for the distance of the object as well as a
change in pupil size. However, when looking at objects in a 2D scene, represented as being at
different distance from the representation, the eyes can accommodate on the distance appropriate
for the apparent distance of the object without a change in vergence (Takeda et al., 1999). This
would be counterproductive and tend to blur the image confirming that binocular cues are not

useful and can even impede judging distance in a 2D scene.

Visual size (or retinal size) of an object is an important cue when judging distance. The
projection of an object on the retina becomes larger as the object moves closer and smaller as it
moves further away (Figure 1.2A). In the natural world, the actual size of an object generally
does not change (size constancy), and people perceive differences in visual size as difference in
distance rather than size. When judging relative distance between objects, people can rely on this
difference in visual size of the objects. To judge absolute distance, however, the correct size of
the object must be known to the observer. Determining distance from retinal size is therefore
influenced by prior experience with an object’s size (Carlson & Tassone, 1971; Maltz et al., 2021;
Predebon, 1993; Sousa et al., 2011). This ‘familiar size effect’ has been shown to lead to
incorrect judgments of an object’s size and distance if it is made to be different from its typical
or familiar size (Maltz et al., 2021; Predebon, 1993), for example by being misled that a

miniature Rubik’s cube is actually a real-sized one.

The texture of the ground plane also provides important distance information which helps

in judging the distance of an object on, or near, the ground. Similar to visual size, the texture on



the ground surface typically becomes finer, i.e., the texture elements (such as bricks, stones, or
carpet pattern) become closer together and smaller, as distance increases (Brenner & Smeets,

2018; Sedgwick, 2021). See Figure 1.2B.
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Figure 1.2: Visual size and ground texture as distance cues. A) Visual size (red lines) of an
object at different distances projected on retina. B) Ground texture in perspective to distance.

As explained in this section, there are various distance cues people need to consider to
correctly judge distance to an object. In this dissertation, I will address the effectiveness of
monocular cues such as object height in the visual field and relative size, in the distance
judgment of an object in a 2D scene. Now I will explain how people perceive the other key

parameter of an object’s position, the direction of an object.

1.1.2. Direction Perception
The position of an object from an observer can be represented in the 3D Euclidean space:
vertical (up/down), lateral (left/right), and longitudinal (front/back), with the observer in the
center (see Figure 1.3A) or using a polar coordinate system (using angular direction and distance
from a reference, e.g., straight forward) originating from the observer or indeed any other of an
infinite number of coordinate systems. Typically the visual direction, the direction from the eyes,

of an object is believed to be judged from the ‘cyclopean eye’, a location in the head that serves



as the origin for directional judgement — in the center between the two eyes (Ono et al., 2002).
Although it has been argued that cyclopean eye may not be required in directional judgement
(Erkelens & van Ee, 2002) but for the purpose of this dissertation all directions of objects will be

considered using the cyclopean eye as the origin.
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Figure 1.3: Representations of the direction of an object from the observer. A) Directions in
three-dimensional orthogonal, Cartesian axes: vertical, lateral, and longitudinal, from the
observer’s head. B) The visual direction of an object is obtained from the retinal images of the
two eyes. X indicates the position of the ‘cyclopean eye’ which represents the origin of direction
of the object perceived.

The visual direction is obtained by the observer from the location of the stimuli projected
onto the retina of the eyes where the image of the object is projected on different locations on the
retinas (See Figure 3B). These visual signals from the retinas are sent to the visual cortex of the
brain following the visual pathway as shown in Figure 1.4 (De Moraes, 2013), then combined in
V1 (Hubel & Wiesel, 1972). However, there is evidence that suggest some binocular integration
of these signals may start earlier in the LGN (Maier et al., 2022). These combined retinal signals
provide information on where the visual stimulus is located. The locations stimulated on the
retina is related to where the eyes are pointed, therefore the eye positions information is also

important in judging target direction which can be obtained from the proprioceptive signals from



the eye muscles and tendons (Steinbach, 1987). Then how accurate are people at judging object

direction from this information?
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Figure 1.4: Diagram of the visual pathway. The visual pathway comprises of the neurons on the
retina (retinal ganglion cells) that get the light signals from the photoreceptors on them where the
right visual field is projected on the left side of the retina and the left visual field on the right side.
These signals are sent out through the optic nerve, pass through the optic chasm where the

signals from the left visual field are crossed to the right side of the brain and the signals from the
right visual field to the left side. Most of these signals synapse at the lateral geniculate nucleus
(LGN) on the corresponding, then sent to the primary visual cortex (V1) where the visual signals
from the both visual fields meet. (from De Moraes, 2013)

Studies have shown that people make systematic errors in judging an object’s direction
where they show a bias towards straight ahead (i.e., they judge objects as being less eccentric
than they really are) when asked to point at a target while fixating it, but they show opposite bias

when fixating straight ahead (Lewald & Ehrenstein, 2000). When people are asked to remember



the position of a target that was visible for just a brief moment, people show a bias towards the
straight ahead (Kim, 2019; Prablanc et al., 1979; Vercher et al., 1994). These directional errors
appear to be from the misjudged internal representation of space and head position with respect
to the stable internal reference of the trunk position (Lewald & Ehrenstein, 2000), but may also
be due to misregistering eye position or to misidentifying which retinal location was simulated

(Morgan, 1978).

In this dissertation, I will use virtual reality (VR) to evaluate the effect of object
eccentricity on the errors people make when remembering its position. However, the relative
position of an object (distance and/or direction from the observer) changes when the observer
moves and its position needs to be updated in accordance with the observer’s movement. In the

next section, I will explain this process of updating consequent on self-motion.

1.1.3. Updating Object Position After a Self-motion

The position of an object in the environment changes relative to an observer every time
the observer moves, and so, if the observer wants to successfully interact with the object, its
perceived position must be updated. Spatial updating, the cognitive ability to keep track of
objects after self-movement, is an important skill when we are navigating around the world
(Riecke et al., 2005; Wang, 2017; Wolbers et al., 2008). Although spatial updating in the brain
occurs following all sorts of movement including eye (e.g., saccade) and head movement (Klier
& Angelaki, 2008; Wolbers et al., 2008), in this dissertation I will focus on the updating

consequent on whole-body self-motion.

Spatial updating is a complex process that relies heavily on our perception of space, i.e.,
the relative positions of the objects in the environment (Burgess, 2006; Wang & Spelke, 2000),

as well as our knowledge of our own self-motion (Burgess, 2006). In the brain, spatial updating



has been shown to occur in the parietal cortex (Merriam et al., 2003). Spatial constancy, an
ability to perceive the world as stable as we view it from different positions, is important in
determining that the change in the relative position of objects is due to self-motion rather than
movement in the environment. Past studies using neural recordings from macaque brain (Heiser
& Colby, 2006) and neural network models (White III & Snyder, 2007) have suggested that this
allocentric representation of a static space is encoded in lateral intraparietal cortex which is
known to be involved in spatial working memory (Silk et al., 2010). In contrast, the egocentric
representation of space changes with self-motion and this representation seems to be stored and

updated in the precuneus, a region in the medial parietal cortex (Wolbers et al., 2008).

The change in the spatial relationship between an object and the observer depends on the
type of observer movement (see Figure 1.5). After a rotation (e.g., a yaw around the cyclopean
eye) only the azimuth direction of the object needs to be updated (Figure 1.5B) whereas in
comparison after a linear movement, its distance (Figure 1.5C) or both direction and distance
(Figure 1.5D) may change. Along with these different demands placed by the different
movements, the accuracy in updating performance differs between the rotation and linear
translation. People are quite accurate at updating when passively rotated (Riecke et al., 2005) but
make systematic errors following passive linear translation - underestimating the angular change
of the target after a lateral (Gutteling & Medendorp, 2016; Kim, 2019; Klier et al., 2008) and
downward translation (Klier et al., 2008), and overestimating it after a upward, forward and

backward translation (Klier et al., 2008).
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Figure 1.5: Change in object position relative to the observer before and after moving. These
diagrams show the change in object position, originally in front of the observer, after different
types of movement. A) Before the observer moves, the object is in front of them at a distance. B)
After the observer rotates, in the yaw axis around the cyclopean eye, the direction of the object
changes, but not the distance of the object. C) After the observer translates towards the object,
the distance of the object changes, but not the direction of the object. D) After the observer
translates laterally to the right, both the direction and the distance of the object changes relative
to the observer.

In summary, spatial updating requires the representation of the static allocentric space
(assuming nothing is independently moving in the world), as well as dynamic egocentric space
which needs to be updated after every self-motion. To accurately compute the change in object
position after moving, i.e., to update it, the observer must first accurately judge their self-motion.
People receive various pieces of sensory information while moving. The next section will review

these motion cues used to perceive self-motion.

1.2. Perceiving Self-motion

Knowing one’s own self-motion is important for many reasons such as navigation and
wayfinding. It is also required to correctly update the positions of objects in the environment
while navigating as explained in the previous section. In an active motion, such as walking or

cycling, motor commands are sent from the brain controlling our physical movement (Pearson,
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1976). During this process, a copy of the motor command signal, i.e., an efferent copy, is
provided to the rest of the brain to allow an anticipatory estimation of the sensory consequences
of the action (Cullen, 2011; Harris et al., 2002) and the future state of the body, i.e., where a
moving limb is going to be (Ebner & Pasalar, 2008). Our body also senses the self-motion from
various self-motion cues registered by the visual (Britten, 2008; Lappe et al., 1999), vestibular
(Cheng & Gu, 2018; Cullen, 2019; Harris et al., 2000) and somatosensory systems (Murata et al.,
2014; Probst et al., 1985). During a passive motion where we are moved without any intent for
action, e.g., sitting on a moving chair or in a vehicle, we must rely on these sensory self-motion
cues to know we are moving. I will now outline what these cues are and how the brain is able to

use them to generate a perception of self-motion.

1.2.1. Visual Motion Cues

Optic flow, a pattern of visual motion caused by relative motion between the observer
and the visual scene (Gibson, 1950), is a visual cue that is a strong indicator of self-motion for
any living creatures with ‘eyes’. From this optic flow, the observer can extract their moving
direction (Warren Jr & Hannon, 1988) which is in the opposite direction of the pattern of motion.
The nature of flow patterns differs between types of movements. For example, when moving
straight forward the flow of pattern radiates from the point the observer is moving towards (the
focus of expansion) whereas when moving to the right (laterally) the pattern generally moves to
the left in the observer view as shown in Figure 1.6. Typically, optic flow accompanies self-
motion, but in some cases, we observe flow of pattern from movement of a visual scene that is
consistent with self-motion but is not caused by actual self-motion (e.g., the train illusion -

looking at a moving train through the window of one’s stationary train). This visual experience
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can be interpreted, erroneously, as a self-motion and this phenomenon is called vection, an

illusory perception of self-motion induced by optic flow (Howard & Howard, 1994).
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Figure 1.6: Examples of optic flow for different types of self-motion. A) When moving straight
forward, optic flow radiates from the focus of expansion in the optic flow which indicates the
direction of the movement. B) When moving to the right, optic flow moves to the left in the
observer view which is the opposite direction of self-motion. In both diagrams, the black arrows
represent the direction of self-motion, the red lines represent the direction of the objects’
movement relative to the observer during self-motion, and the red dotted arrows represent the
direction of the optic flow.

Recent advancement of technology using VR has allowed the scientific community to
conduct visual perception research using VR as a visual display in which the designer has more
control over the visual stimuli presented and can expose people to sensory experiences difficult
to create in the real world such as segregating visual and non-visual motion cues. VR head-

mounted displays (HMDs) are an effective tool to study visual aspects of self-motion (Kim et al.,



2015; Riecke et al., 2012) and are now widely used in the community to induce vection.
Enhancement in vection indicates an enhancement in self-motion perception and the results from
such VR studies reveal various motion cues that contribute to self-motion perception that were
not considered before. For example, visual motion cues, other than optic flow, such as simulated
viewpoint oscillation (similar to that generated in natural walking) prior to and during exposure
to radial visual flow (i.e., forward optic flow) was shown to reduce vection onset time compared
to no oscillation (Palmisano & Riecke, 2018). Non-visual cues such as changes in location
(Riecke et al., 2009) and intensity (Seno et al., 2012) of sound from an ‘auditory landmark’ in

sync with visual motion can also make vection more convincing.

Change in the spatial relationship between the observer and the environment (i.e., optic
flow) typically occurs with self-motion, but not always. The perception of self-motion can also
be induced using a ‘moving room’ in which all the walls move together (Bertenthal & Bai, 1989)
or using VR, as just explained, without actual self-motion. Therefore, visual motion cues alone
are vulnerable to trickery and are not enough to reliably judge self-motion. When looking at a
moving object during self-motion, e.g., following a ball while running after it, the geometry
becomes even more complicated as the observer must extract the object-motion from the visual
optic flow which include component due to both object- and self-motion. When vestibular and
somatosensory motion cues are available during a self-motion, in addition to visual motion cues,
people can detect object-motion more accurately (Fajen & Matthis, 2013; Probst et al., 1986)
which demonstrates that non-visual motion cues are helpful for segregating object- and self-

motion when both are moving.

From this brief review we can see that various visual motion cues provide motion cues

which can be used to perceive self-motion and its direction. Visual motion cues alone can induce

13



perception of self-motion, but non-visual motion cues are also involved which enhance the

experience. The following section will explain the non-visual motion cues for self-motion.

1.2.2. Non-visual (Physical) Motion Cues

When moving, we receive various somatosensory signals from all over our body. From
proprioception, we sense the movement and positions of our limbs that tells us we are moving
(Cullen, 2011; Harris et al., 2002). On exposed skin, airflow cues have been shown to provide
sense of self-motion in humans (Murata et al., 2014) as well as in rats (Polat et al., 2024). During
acceleration or deceleration, there are even more self-motion cues available. Change in pressure
on our skin (e.g., on the back while sitting in an accelerating car) tell us our body is accelerating.
The shear force induced by buttock skin stretch while sitting on a moving seat has been shown to

enhance vection (Horie et al., 2018).

Our vestibular system sensory organs sense acceleration: the semicircular canals sense
rotational acceleration, and the otolith organs sense linear acceleration (see Figure 1.7). Due to
the vestibular system being specialized in detecting acceleration, it is also affected by the
constant acceleration that all living creatures on Earth are exposed to, the Earth’s gravity.
Gravity is consistently pulling everything on earth towards its center, the hair cells in the otolith
are bent down producing the sensory signals equivalent to the acceleration of 9.8m/s* away from
the earth (i.e., upwards) even at rest. For this reason, we must be able to separate vestibular
signals caused by bodily acceleration and those caused by gravity to accurately determine our
self-motion. When stationary, or moving at a constant speed, the vestibular system is stable
which indicates no additional head acceleration. When the head is accelerating, the hair cells in
the semicircular canals and the otolith organs are bent (in addition to the bend due to gravity,

depending on the type of motion) signalling to the brain that an acceleration is occurring (Day &
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Fitzpatrick, 2005). The direction and the type (rotation or linear) of acceleration can be
segregated from the otolithic and semicircular canal signals in the vestibular nuclei in the

brainstem (Angelaki et al., 2004).

Anatomy
Vestibular

Semicircular canals
The angular sensors

~ Utricle
Otolith organs N
The linear B\ N
sensors /@ \ 0
S o ¥
\/ Saccule

Current Biology

Figure 1.7: Diagram of the vestibular system. The semicircular canals: anterior, posterior, and
horizontal canals detect rotational acceleration and the otolith organs: utricle, macula, and
saccule, detect linear acceleration of the head. (from Day & Fitzpatrick, 2005)

Past research had separated non-visual motion cues from visual cues by testing people in
dark (Harris et al., 2000; Hlavacka et al., 1996; MacNeilage et al., 2010; Probst et al., 1985).
These studies have shown that people can use, based solely on the physical motion cues, to
discriminate the direction of linear translations (MacNeilage et al., 2010) and rotations (Probst et
al., 1985) although thresholds were larger than when using visual motion cues. People can also
estimate their travel distance using physical motion cues when the movement has a constant

acceleration (Harris et al., 2000).



While non-visual physical motion cues can be used in self-motion perception, as
explained above, any single sensory motion cue can be ambiguous due to their limitations. For
example, change in sensory signals from the otolith organs of the vestibular system can be due to
head movement or change in body orientation. Also, vestibular system is ineffective when the
person is moving in constant speed because it can only detect acceleration. Another example is
the sensation of the air flow on the face which can be from the person moving forward or from
the wind blowing on the face. For this reason, people rely on more than one sensory cue to judge
their self-motion, integrating them for more accurate self-motion perception. In the next section,

I will explain how these self-motion cues are believed to be integrated.

1.2.3. Integrating and Reweighing Self-Motion Cues

Self-motion perception is a multisensory process. During a self-motion, people integrate
all the motion cues available, including the visual and the non-visual cues, to accurately gauge
their self-motion (DeAngelis & Angelaki, 2012; Fetsch et al., 2010; Prsa et al., 2012) and this
process of integrating multiple sensory signals (i.e., multisensory integration) is shown in both
human and non-human brain (Greenlee et al., 2016; Zhou & Gu, 2023). Multisensory integration
of self-motion cues is generally found to improve perception of self-motion (Bayramova et al.,
2021; Hlavacka et al., 1996) which may be due to human’s ability to integrate sensory
information in an optimal way using maximum-likelihood estimation (Ernst & Banks, 2002).
Maximum-likelihood estimation (MLE) in multisensory integration estimates the most probable
parameter, e.g., travel distance, from multiple sensory cues where each cue is weighted
differently based on their reliability (Campos et al., 2014; Saunders, 2014; ter Horst et al., 2015).
This method is useful especially when some sensory cues become unreliable, e.g., noisy visual

motion signals due to blurry vision, or when there is a conflicting sensory signal, e.g., visually
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induced vection indicating self-motion without any physical motion cues. If the conflict is too
large some discrepant cues can even be ignored (McManus & Harris, 2023). For example, when
a person’s whole body (both the body and the head) is tilted it can induce perception of forward

and backward translation, but not when only the head is tilted (Crane, 2014).

As explained in this section, integration of the visual and non-visual motion cues leads to
more accurate perception of self-motion when cues are consistent. Therefore, more self-motion

information available to be integrated should also lead to more accurate spatial updating.

1.3. Cognitive Factor in Human Perception

Based on the review so far, it is evident that the sensory input signals (visual, audio,
somatosensory, etc.) from various sensory organs can be used to create a representation of the
world around us in our brain (i.e., a bottom-up effect). In this process, some sensory signals
contribute to our perception while some are ignored depending on their relevance and reliability
(McManus & Harris, 2023; Probst et al., 1985). However, past studies have shown evidence of

our cognition affecting visual perception (i.e., top-down effect) as well.

In distance perception, observers judge a person facing them as closer than a person
facing away from them despite the fact they are standing at the same distance (Jung et al., 2016).
Carrying a heavier physical load on their back (Abe, 2013) or more effort required to move
through a distance (Witt et al., 2004) have been shown to increase people’s judgement of
distance to the target. In size perception, lying down has been shown to result in observers
judging a rod to be shorter regardless of the direction of gravity pulling on their body (Kim et al.,
2022). In self-motion perception, adding an engine sound enhanced the experience of vection
(Viéljamée et al., 2008) suggesting that a learned association (between an engine and motion), i.e.,

a cognitive process of relating them together, had an effect on the subjective feeling of vection.



18

People sitting on chair that is known to be able to rotate, feel stronger vection compared to when
sitting on a fixed chair (D’ Amour et al., 2021). When sitting on a oscillating swing, people tend
to think that they swung more (larger peak-to-peak displacement) and for longer, even after the
swing stopped, when it was suggested to them that the swing will continue oscillating compared

to those that were told the swing will stop (Reuten et al., 2022).

These are all cognitive factors that do not contribute directly to the perception of distance,
size or self-motion, yet they can still influence observers’ responses indirectly through cognitive
processes. While the effect of cognition in our perception should be addressed with caution as it
is difficult to separate them from other effects such as attention and memory led by the
experimenter effect or the instructions given (Firestone & Scholl, 2016; Woods et al., 2009)
these observations should not be ignored. Therefore, I will take them into account at various

points in this dissertation.

1.4. Aims of this Dissertation

In this dissertation, I evaluate people’s ability to visually perceive and remember the
position of an object in the environment. Perceiving an object’s position accurately requires
using various visual information such as the object’s visual size, height in the visual field, and its
retinal location. Remembering its position accurately after moving requires additional self-
motion information such as optic flow. Correct scaling of the space is also important as a
distorted perception of space can distort spatial properties such as the relative distance of the
surrounding environment which would lead to a misperception of the position of the object
relative to the observer. To investigate how these different visual cues influence people’s
perception of an object’s position, I conducted a series of experiments comparing people’s

judgements of object positions whilst varying the visual information available.
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1.4.1. Spatial Updating with a Lateral Translation

Chapter 2 compares people’s remembered position of objects at varying eccentricity with
and without visual lateral motion in VR. I compared the errors they made after being stationary,
after a short translation, and after a long translation to evaluate the effect of translation distance
on people’s updating ability. I hypothesized that (H1) a longer translation would result in larger
updating errors which would suggest that the errors are, at least partially, related to the amount of
change in eccentricity of the target created by visual lateral translation and also possibly from a

misperceived translation distance.

People’s errors were compared to the errors found in a past study (Kim, 2019) which
showed no updating error after testing on a MOOG motion platform. I hypothesized that (H2) the
errors people make after a short translation, equivalent to the translation distance used in the past
study (Kim, 2019), when tested on a regular non-moving chair would differ from when they
were stationary, hence an updating error. Such a result would suggest possible cognitive effect of
the knowledge of possible physical motion due to sitting on a moving platform on people’s

ability to accurately update object position after a lateral translation.

1.4.2. Perception of Size and Distance in a 2D Scene Displayed on Computer Screens
Chapter 3 describes three online experiments run during COVID that compared size and
position adjusted in a 2D visual scene displayed on computer screens. Participants adjusted a
target object’s size in accordance with its apparent absolute distance inferred from its position, or
its position in accordance with its apparent absolute distance inferred from its visual size in the

scenc.

In experiment 1, I compared the target sizes participants adjusted to make them appear to

be at the simulated distances (final sizes) to the geometrically correct visual sizes for the



simulated distance in the scene (initial sizes). In experiment 2, I compared the target positions
(i.e., height in the scene) participants placed them to appear to be at the simulated distances (final
positions) to the geometrically correct position for the simulated distances in the scene (initial
positions). I hypothesized that (H3) the initial and final sizes and positions would not
significantly differ which would indicate that people can reliably use an object’s position and

size in a 2D scene to infer its apparent distance.

Experiment 3 compared the participant adjusted target sizes and positions with and
without familiar objects in the visual scene. I hypothesized that (H4) familiar objects would help
in judging object distance in the 2D scene, resulting in the sizes and positions of the target being

closer to its true (i.e., geometrically correct) size and position when familiar objects are present.

1.4.3. Perception of Size and Distance in a 2D Scene Displayed on a Large Screen

Chapter 4 describes two in-lab experiments conducted using the same tasks as Chapter 3,
but different test setup. The target object was presented on a geometrically accurate 2D scene
displayed on a large screen instead of computer screens where participants adjusted a target
object’s size in accordance with its position, or its position in accordance with its size in the
scene. Experiment 1 compared the adjusted sizes and positions of the target object to the results
from Chapter 3 and to the geometrically correct target sizes and positions for the simulated
distances. I hypothesized that (HS5) people would be better at using an object’s position and size
to judge absolute distance in a geometrically correct 2D scene on a large screen compared to

computer screens.

Results from the experiment 3 in Chapter 3, as well as the past studies (Maltz et al., 2021;
Yoo et al., 2023), suggest that monocular cues such as familiar size influence people’s size

perception more than the distance perception. Therefore, I hypothesized that (H6) the additional



distance cues in the new test setup would influence the accuracy in adjusting target to its
geometrically correct sizes and positions differently. I also compared the sizes and positions of
the target object adjusted while viewing the scene monocularly or binocularly. I hypothesized
that (H7) people will be more accurate at estimating the target object’s absolute distance from its
visual size when viewing the object in a 2D scene monocularly than when viewing binocularly.
However, there will be no difference between the viewing conditions when estimating its

distance from the object’s position in a 2D scene.

In experiment 2, [ used a method of continuous tracking method covering a larger range
distances to verify the linear relationship between the perceived size and position of the target

object on the screen.
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2.0. The effect of knowing if you can really move on spatial updating
This chapter is a portion of a manuscript published in PLoS ONE (Kim JJ, Harris LR. (2024)
Updating the remembered position of targets following passive lateral translation PLoS ONE

19(12): e0316469. https.//doi.org/10.1371/journal.pone.0316469) on which I am the first author

and Dr. Laurence Harris is the second author. Exp 1 and 2 of the paper were covered in my
Masters thesis. The present chapter describes a new follow up experiment which became Exp 3

of the published paper.

My contribution to the paper includes designing the experiment, programming the tasks, writing
up the ethics forms, running the experiment, testing participants, analyzing and interpreting the

data and writing up the paper.

Dr. Harris’s contributions include helping with the design of the experiment, providing feedback

on experimental tasks and interpretations of the results, and editing the paper.

The publication is available at PLoS ONE via https://doi.org/10.1371/journal.pone.0316469

2.1. Abstract

Spatial updating, the ability to track the egocentric position of objects during self-motion,
is fundamental to navigating around the world. However, people make systematic errors when
updating the position of objects after linear self-motion. To determine the source of these errors,
I measured errors in remembered target position with or without passive lateral translations. Self-
motion was presented visually (simulated in VR) with varying travel distances (0.47 m for short
travel and 1 m for long travel distances). People underestimated targets’ eccentricity in general
even when just asked to remember them for a few seconds (5 seconds), with larger

underestimations of more eccentric targets. I hypothesized that updating errors would depend on
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travel distance, which was manifested as larger updating errors with long travel distance
compared with short travel distance. I also hypothesized that the errors people make after a short
lateral translation (0.47 m) would differ from when they were stationary in contrast to my
Masters project results, which showed no updating errors when people sat on a MOOG motion
platform set up in a room identical to the virtual environment (instead of in an office-like test
room) with the equivalent travel distance. The results supported my hypothesis with the errors
shifting in the direction of movement after a lateral translation compared to being stationary,
which suggest that the efficacy of spatial updating depends on participant’s perception of self-
motion which is improved by familiarity with an environment and knowing whether a person can

move.

2.2. Introduction

Most people can easily navigate around their environment and effectively keep track of
their surroundings. To do so they must update the perceived position of surrounding objects
relative to themselves as they move. This process is called spatial updating (Riecke et al., 2005;
Wang, 2017; Wolbers et al., 2008). Spatial updating is strongly influenced by the observer’s
perception of the spatial structure of their environment i.e., the egocentric directions and
distances of the objects that make up the scene (Burgess, 2006; Wang & Spelke, 2000), and by
their self-motion (Burgess, 2006). Knowing about their own movement requires integrating
sensory information from visual (optic flow), vestibular, somatosensory and motor systems
(Greenlee et al., 2016; Harris et al., 2002; Medendorp, 2011) as well as incorporating internal
knowledge of their planned movement, during an active movement. Combining motion cues

from these sources allows a person to know about their own movement and hence, theoretically,



to predict the new positions of surrounding, earth-stationary objects relative to them after their

movement (Medendorp, 2011).

Any misperception of their travel distance will lead to errors in computing the new
egocentric locations of objects after a move. In real life, such errors will usually be corrected by
visual information from the environment that allows an observer to derive object locations using
allocentric references, i.e., landmarks e.g., one object to the left of another object (Burgess,
2006). To prevent people using such landmarks to derive object locations after a move, previous
studies have usually deprived their participants of visual information while moving by
conducting the movement in complete darkness (Gutteling et al., 2015; Gutteling & Medendorp,
2016; Klier et al., 2008). However, the visual motion signal (i.e., optic flow) provides important
information about both a person’s movement and the relative movement of the surrounding

environment as a person move through it (Rogers, 2021).

How the position of an object changes relative to an observer is substantially different
depending on whether movement is rotational or linear: updating an object’s position during
linear movement requires more complex computation because only linear movement alters the
distance between the observer and object, i.e., the egocentric distance. During rotation, the
egocentric distance of objects remains constant. Therefore, the only updating required during
rotation is to displace everything by the angle through which the person rotates. During linear
movement, however, both the egocentric distance and direction of all the objects in a scene
change differently. For example, the egocentric direction of an object will not change at all as a
person moves directly towards or away from it. In this special case, the only updating required is
to the egocentric distance of the object. When a person updates the position of an object in front

of them while moving laterally, both direction and distance to the object change. Therefore,
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updating errors made during the movement may be due to mis-updating the direction or distance

to the target, or both.

There is no shortage of literature looking into spatial updating as it is a fundamental and
necessary ability for people’s everyday lives (e.g., Medendorp 2011). Most of these studies look
at spatial updating following rotational movements, specifically yaw rotations (Riecke et al.,
2005, 2007; Wang & Spelke, 2000) and sometimes forward translation (Klatzky et al., 1998; N.
Li & Angelaki, 2005) but there are few studies considering the consequences of linear lateral
movement. (Klier et al., 2008) looked at updating after passive linear translation in the fore-aft,
up-down and left-right directions but only used targets directly in front of the observer.
Previously, in my Masters thesis (Kim, 2019), I conducted experiments using lateral translation
and targets at various eccentricities to compare updating performance for objects that start and
end at different eccentricities in virtual environment. In general, people underestimated object
eccentricity with larger underestimation for more eccentric objects. After a lateral translation the
errors shifted in the direction of movement (i.e., updating errors) when participants were visually
translated 1m to the left or to the right while sitting on a stationary chair in an office-like test
room (Figure 2.1A). However, for the participants translated 0.46 m while sitting on a chair
mounted on a MOOG motion platform, set up in a room identical to the virtual environment (see
Figure 2.1B and C), their errors did not significantly differ from estimates of target position

made when participants remained stationary (Kim, 2019).

There were two differences between these experiments: (1) the travel distance (1m vs.
0.47m) and (2) the test environments (stationary chair vs. moving platform chair). Could these
factors have impacted participants’ updating, resulting in the differences found between the two

experiments? The present experiment was designed to identify which factors could account for
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the differences between the results of the past study by using longer distances and a neutral

display.

(BlOld"Study

-

Figure 2.1: The Experimental setup. (A) Photo of the office-like test room with a chair used for
the new experiment. (B) Photo of the MOOG test room with a seat on the motion platform used
to produce physical motion cues in the old experiment. (C) Example image of the virtual
rendition of the MOOG test room used in both experiments with a virtual seat and a screen.

In the new experiment reported here, I compare the two lateral travel distances 0.46 m
and 1 m. If the differences in updating errors found in the old study were due to the short travel
distance, the errors before and after translation through the short distance (.46 m) would not

differ compared to stationery but they might differ for the longer (1 m) distance used in this
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experiment. If, on the other hand, the lack of shift in errors were due to the test environment, i.e.,
exposure to the MOOG room and the moving platform (Figure 2.1B), then the errors before and
after translation would differ regardless of travel distance. Here, I compare the errors after short

translation with those from the old study to evaluate the effect of test environment.

2.2.1. Hpypotheses

To evaluate the effect of travel distance in updating, specifically to compare the different
distances used in my old study, 1 m and 0.46 m (Kim, 2019), I varied the translation distance in
the present experiment (short vs. long distance). Gutteling and Medendorp (2016) demonstrated
that the magnitude of updating errors depends on travel distance, but the longest travel distance
they used was 0.18 m (over 3 seconds) which is much shorter than the 0.46 m (over 5 seconds)
used in my experiment. I hypothesized that (H1) updating errors would be larger with long travel
distance compared with short travel. I also hypothesized that (H2) the errors people make after a
short translation, equivalent to the translation distance used in the past study (Kim, 2019), would
differ from when they were stationary. This discrepancy from the past results would reveal the
cognitive effect of the knowledge of possible physical motion due to sitting on a moving

platform on people’s spatial updating ability.
2.3. Materials and Methods

2.3.1. Overview
A target ball was presented in virtual reality at various eccentricities. The target then
disappeared, and the participant was moved to the left or right. They then had to report the

remembered location of the target ball.



2.3.2. Participants

Twenty-six participants (20 females and 6 males, average age of 24.20 years, SD =
11.69), undergraduate students at York University recruited via Undergraduate Research
Participant Pool (URPP) participated in the study. They had normal or corrected-to-normal
vision and were right-handed. All participants signed a written informed consent form and were
given course credit for their participation. The experiments were approved by the York

University’s Ethics Review Board.

2.3.3. Apparatus

The test was conducted in virtual reality (VR) using an Oculus Rift Head Mounted
Display (HMD). The HMD was an Oculus Rift Consumer Version 1 with a resolution of
1080x1200 pixels per eye, maximum 90 Hz refresh rate, 110 degrees FOV, and weighed 470
grams. Participants used a keyboard. The HMD was powered from a Windows 10 computer:
Alienware Area-51 R2 equipped with Intel® Core™ 17-5820K Processor, 16.0 gigabyte RAM,
and a NVIDIA GeForce GTX 980 graphics card. The VR environment was built in Unity Game

Engine (version 2018.3.14f1) and the test was programmed with C# language.

2.3.4. Stimuli

The test environment in VR was a detailed virtual rendition of the actual room in which
the MOOG motion platform resides at the Sherman Health Science Research Centre at York
University (Figure 2.1C). The virtual room provided a rich environment including a simulated
screen with a projector, a seat attached to the MOOG, and an avatar body. Figure 2.1 shows the
real MOOG room (B) and the virtual rendition of the room (C). An image of a tennis ball,

diameter = 67 mm, was used for the updating test and was presented on the simulated screen
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seen in Figure 2.1C. Target locations were spread out horizontally from the center of the screen
at eye height. The targets were shown one at a time for each trial.

The experiment took place in an office-like test room (Figure 2.1A) with participants
wearing an HMD in which the virtual test room was simulated (Figure 2.1C). The targets were
between -1.15 m to +1.15 m from the center of the screen in 0.23 m increments (11 total) and
were displayed one at a time, on the virtual screen (1.5 meters x 3.5 meters) 1.75 m away from
the viewing camera. The observer was always initially positioned in front of the target at Om

(center of the screen). In the visual motion conditions, they were moved passively either to the

left or to the right side (visually only) for 5 seconds. Two translation distances were used: 0.46 m

for the Short Travel condition and 1 m for the Long Travel condition. During translations,
random dots appeared on the screen which were made to blink between 0.5 to 1 hz. In the
response phase, a red dot was displayed on a black wall at the same distance as the screen, which

participants moved to indicate their remembered target position on the screen.

2.3.5. Training

Every participant went through a training session at the start of the test session to become
familiar with using the keyboard. They were shown the visual target (an actual size image of a
tennis ball) on the screen. They had to move a red dot to the position of the ball (always visible)
using the left/right arrow keys on the keyboard. Once the red dot was on the target, they pressed
a button to “hit” the target. If they pressed the button when the red dot was not on the target, it
was considered a “miss”. The training was repeated for 10 trials. Participants had to hit at least 8

out of the 10 targets to continue.
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2.3.6. Procedure

Participants sat on a chair in an office-like test room (Figure 2.1A). Then they put on the
HMD in which they viewed the virtual environment that simulated the MOOG room and the
stimuli (Figure 2.1C) and used a keyboard to respond in each trial. During each experiment,
participants were instructed to look straight at the simulated screen in the virtual environment.
For each trial, a bell sound was played to let participants know the trial was starting. A) Then a
fixation cross was displayed in the middle of their visual field which they were told to fixate. B)
After 0.5 seconds, a visual target (the same image of a tennis ball from the training) appeared for
0.5 seconds at one of the pre-selected target eccentricities. C) After the visual target disappeared,
randomly generated blinking dots were shown on the screen. D) During the translation phase,
participants were either stationary (Stationary condition) or the display with the blinking dots
was moved laterally to the left or right (Visual Motion conditions) providing a strong optic flow
cue for 5 seconds. The observer always started from the center of the screen, then moved either
to the left or right. E) After the movement, or after an equivalent idle period in the stationary
condition, the screen went dark, and a second bell sound was played. When the participants
heard the second bell, they placed the red dot at the remembered target location with the
keyboard (pressing on the up, down, left, or right arrow keys moved the red dot on the screen).
When the red dot was at the position where the participant thought the target was, they pressed
the return key or a button on the controller to indicate their choice (see Figure 2.2 for the
experiment timeline). The pointing location (red dot) was recorded as indicating the participant’s

remembered target location.

There were three experimental blocks: Stationary, Short Travel, and Long Travel

conditions. One block consisted of 3 trials for each target location at each initial observer



position, comprising 66 trials (3 trials x 11 target locations X 2 translation direction) per block,

thus 198 total trials (66 trials % 3 blocks) per participant (~1.5 hours including breaks).

(A) Participant Field of View

Fixation Phase

Present Visual Target

Generate Random Dots

Translation Phase

Response Phase

Figure 2.2: Experimental procedures. (A) Participants fixated on the fixation cross for 500 ms.
(B) Visual target presented for 500 ms. (C) Randomly generated blinking dots appeared on the
screen after the visual target disappeared. (D) Participants were either stationary or passively
moved laterally for 5 seconds. (E) The screen turned dark. Participants then moved the indicator
to the remembered location of the visual target as fast as they could.

2.3.7. Data analysis

In the data cleaning process, we treated any error value deviating more than 2.5 standard
deviations from the mean (for each condition) as a mistake by the participant (e.g., missing the
target during presentation or forgetting the position during movement) and removed those points

before calculating the average error for each participant. If all the responses for any condition
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were removed, that condition for that participant was removed from the analysis. The same

process was used in all three experiments.

The data from the two observer start positions (Left and Right) were brought to the same
side where the positive (+) values represented errors in the direction towards the opposite side of
the observer position for Stationary condition (e.g., errors to left were positive if the observer
was on the Right side) and in the direction of the movement for the Visual Motion conditions
(e.g., errors to the left were positive if the observer was moved from right-to-left). Only
horizontal errors were considered since the movements were in lateral directions only which

were calculated by subtracting the actual target position from the remembered target position.

The data cleaning process removed 166 data points from the total data points (3.22 %).
As a result, three participants had to be removed from the analysis due to having an incomplete
data set leaving 23 participants for the analysis. I performed a two-factors repeated measure
ANOVA with a Greenhouse-Geisser correction to compare the effect of motion conditions
(Stationary, Short Travel, and Long Travel) and target position (collapsed between the observer
positions as described above) on the errors in participants’ remembered target positions and used

a family-wise alpha of .05.

2.4. Results
Participants placed a red dot on a virtual screen simulated in VR to indicate a target’s
perceived position after various sideways movements. Errors were calculated by measuring the

deviation between the remembered and actual target positions.

Figure 2.3 shows participants’ responses for the Stationary, Short Travel, and Long Travel
conditions. An ANOVA revealed there was a significant main effect of motion condition,

F(1.451,31.917) = 15.896, p <.001, n? = .163, where errors in both Short (M =0.102 m, SD =
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0.291 m) and Long travel conditions (M = 0.266 m, SD = .432 m) significantly differed from
Stationary (M =-0.015m, SD =.210m), p <.001. A significant main effect of target position was
also found, F(2.085, 45.875) = 26.165, p <.001, n> = .184. There was a significant interaction

between travel distance and target position, F(7.186, 158.097) = 3.950, p <.001, n?> = .018.
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Figure 2.3: The positions at which participants remembered the targets. Black - Stationary,
Purple - Short (.46 m), and Red - Long (1 m) travel conditions. The data from the rightward
movement directions have been flipped to superimpose on those to the left where positive (+)
values represent errors in the direction of observer’s movement. The lighter colored dots
represent remembered positions from each participant (N = 23) and the darker colored dots and
lines represent the means. The dashed line represents true target positions, therefore the deviation
from the dashed line to the remembered target position is the error made. For both x- and y-axes,
positive (+) represents in the direction of the movement and negative (-), the opposite direction.
The orange and green shaded area contains the targets within the start and the end positions
(orange from 0 m to 0.46 m, and green from Om to 1m) between which the observer traveled in
the moving conditions.

Post hoc evaluation of paired t-test, with Holm-Bonferroni correction showed that the
mean errors made for each target position differed significantly between motion conditions,

where the errors shifted after moving compared to Stationary in the direction of travel for both
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Short (p =.039) and Long (p <.001) Travels conditions (0.1 m for short and 0.27 m for long
travel on average). The errors also differed between the travel distances (p = .002), in which

longer travel distances resulted in larger errors.

2.5. Discussion

By asking participants to remember the positions of targets following passive lateral
translation or after a comparable period with no movement, we were able to assess the
contributions of target eccentricity, and translation distance on spatial updating performance.
Participants underestimated target eccentricity (slope > 1 in Figure 2.3) even when they did not
move at all between when they were shown the targets and when they reported their location (a
delay of 5 seconds), with the magnitude of their errors depending on target eccentricity. This was
consistent with the results from my old study (Kim, 2019). The errors shifted (in addition to this
drift in memory) after lateral translation (by 0.1+.06 m for Short and 0.27+.10 m for Long Travel

conditions on average) in the direction of their translation.

These shifts in errors portray a change in the observer’s mental representation of all the
targets seen before they were moved, i.e., updating errors. As hypothesized (H1), updating errors,
i.e., the shift in errors after being moved laterally, were larger with longer translation than with
shorter translation suggesting that updating errors depends on the amount of change in
eccentricity between the target and the observer. The source of this error can be the
underestimated object eccentricity (as shown in the stationary condition results), underestimated

travel distance, or combination of both.

The errors participants made after moving, when pointing at remembered target positions,
significantly differed compared to those made after they remained stationary for both the short

and long travel distances which also supports our hypothesis (H2). These results demonstrate that
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people indeed make updating errors after a lateral translation of 0.47 m in the present experiment
which shows that the lack of shift in errors found in my Masters project was likely due to the

exposure to the MOOG room and moving platform, not the shorter travel distance.

2.5.1. Comparing the results to the previous experiment

Figure 2.4 compares the errors found in the old experiment (where the participants sat on
a MOOG motion platform where they knew chair could move) to this new experiment where
participants were sitting in a regular lab on a chair which was known not to be able to move for
the corresponding target eccentricities. This comparison further reveals that the lack of updating
errors in the old study were likely due to differences in the simulated rooms and known mobility
of the chairs in which they were tested. In the old study participants were tested in a physical
room which the virtual environment mimicked convincingly. Although the experiment was done
wearing an HMD, participants in the old study had prior experience of the room as they climbed
into the chair (Figure 2.1B) with a clear view of the room and the motion platform on which they

sat.
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Figure 2.4: Comparison between old and new. Mean errors participants made for each target for
Stationary (Black) and Visual Motion (Red) conditions for old and the equivalent targets from
new, where 0 on the vertical axis is the start position and collapsed across observer positions:
Left and Right. For both x- and y-axis, positive (+) represents in the direction of the movement,
and negative (-) the opposite direction. The faded area contains the errors for the targets from the
start and the end position (from 0 to .46m) where the observer traveled in the Visual Motion
conditions.

It is well known that objects are perceived as closer, i.e., distance compression, in virtual
reality (Peer, 2017), but a simple experience of viewing a real-world environment can improve
distance perception in a matching virtual environment (Kelly et al., 2018). Distance compression
can even disappear when the viewer had previous experience interacting with a matching real-
world environment (Interrante et al., 2006). My participants’ exposure to the MOOG may have
helped them perceive the virtual environment accurately thus reducing the underestimation of
target distance and resulting in a more accurate representation and scaling of the virtual
environment. If updating errors found in the present experiment were due to distance
compression in VR, however, the errors should have shifted in the opposite direction of
translation (see Figure 2.5). Instead, the updating errors were in the direction of translation which
suggest that the disappearance of updating errors in the old study was due to a better distance

perception.
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Figure 2.5: Impact of distance compression on updating position of an object after a lateral
translation. Underestimated absolute distance of a target results in the viewer overestimating the
shift in target position after being translated laterally, remembering it to be more eccentric than it
is after moving. Therefore, updating error will be in the opposite direction of the viewer’s
translation.

Sitting on a chair that can move, even when it doesn’t actually move, has been shown to
enhance vection (D’Amour et al., 2021; Riecke et al., 2005). Such an enhancement may then
lead to a more accurate perception of travel distance compared to sitting on a chair that
participants knew could not move. Based on these considerations, it seems that even potential or
imagined physical motion cues can play an important role in our spatial updating. Even when

there is no actual physical motion involved, knowing that one can move can still improve one’s
perception of visually induced self-motion and make spatial updating more accurate.
2.6. Conclusion

When a person observes an object, their perception of its position is biased towards their
straight ahead, leading to underestimating its eccentricity. Correctly gauging self-motion is
important when updating an object’s perceived position during and after movement. The results
in this experiment, compared to the findings from the old study in my Masters thesis, show

evidence that familiarity with an environment and knowing whether a person is free to move



(e.g., if sitting on a moveable platform) both improve updating. This improvement appears to be

from enhancement in their perception of self-motion.
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3.0. Can People Infer Distance in a 2D Scene Using the Visual Size and Position of an
Object?
This chapter was published on Vision (Kim J, Harris LR (2022) Can People Infer Distance in a
2D Scene Using the Visual Size and Position of an Object? Vision 2022, 6, 25). I am the first

author of the paper and Dr. Laurence Harris is the senior author.

My contribution to the paper includes designing the experiment, programming the tasks, writing
up the ethics forms, running the experiment, testing participants, analyzing and interpreting the

data and writing up the paper.

Dr. Harris’s contributions include helping with the design of the experiment, providing feedback

on experimental tasks and interpretations of the results, and editing the paper.

The publication is available at Vision via https://doi.org/10.3390/vision6020025

3.1. Abstract

Depth information is limited in a 2D scene and for people to perceive the distance of an
object, they need to rely on pictorial cues such as perspective, size constancy and elevation in the
scene. In this study, I tested whether people could use an object’s size and its position in a 2D
image to determine its distance. In a series of online experiments, participants viewed a target
representing their smartphone rendered within a 2D scene. They either positioned it in the scene
at the distance they thought was correct based on its size or adjusted the target to the correct size
based on its position in the scene. In all experiments, the adjusted target size and positions were
not consistent with their initially presented positions and sizes and were made larger and moved
further away on average. Familiar objects influenced adjusted position from size but not adjusted

size from position. These results suggest that in a 2D scene, (1) people cannot use an object’s
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visual size and position relative to the horizon to infer distance reliably and (2) familiar objects
in the scene affect perceived size and distance differently. The differences found demonstrate

that size and distance perception processes may be independent.

3.2. Introduction

The relationship between visual size and distance has been obvious to humans for a long
time: as an object moves further away, its visual size shrinks in a systematic way. Size constancy,
the ability to recognize that an object is the same size despite its visual size changing as its
distance from the observer changes, is present from a very young age (Cruikshank, 1941;
McKenzie et al., 1980), even at birth (Slater et al., 1990). It seems likely that the concept is even
hardwired in our brains (Chen et al., 2019; Sperandio et al., 2015) as knowing the size and
distance of objects is very important to our survival. The primary visual cortex (V1) serves as an
important node in the integration of signals from various sources to produce stable perceived size
(Sperandio et al., 2015). Chen et al. (2019) observed stronger neural responses in V1 to stimuli at
far distances compared to stimuli at near distances for objects with the same retinal image size,
indicating that human V1 can distinguish the distance and size of an object. Such activity is
possibly regulated by feedback of distance information from other higher-order areas (Granrud,

2009).

Although size constancy may be innate, accurate size estimation requires the
development of cognitive ability and the use of strategies such as the distance compensation
strategy: deliberately inflating one’s size estimate to compensate for a reduced perceived size at a
far distance that supplements size perception (Viguier et al., 2001). In recent centuries, since the
discovery of perspective in art in the 1400s, people have been exposed to images that represent

depth on a 2D platform (e.g., paintings, photographs, or monitor screens). Such images use
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various techniques to simulate natural cues to depth such as texture gradient, perspective, haze,
and size constancy. The purpose of this study was to test whether people can determine the

egocentric distance of an object in a 2D scene.

3.2.1. Representing depth in a 2D scene

In a 3D world, stereopsis is one of the most reliable indications of depth for a per-son for
relatively close objects (Viguier et al., 2001). The disparities between the views in the two eyes
tell the observer how far away an object is from them (Wheatstone, 1838). The reliability of
stereopsis quickly declines with distance as the disparities become too fine to detect although the
range of distance over which stereopsis is useful is debatable (Palmisano et al., 2010). Stereopsis
is, of course, not at all useful when determining the relative depicted distances of items in a 2D
platform as those images of items are presented on a single surface; hence, the simulated distance
of different items in such a display must be represented using other depth cues. Here, I
investigated the usability of the two depth cues of ‘visual size’ and ‘distance below the horizon’

within a 2D scene.

As mentioned above, visual size is a useful feature to represent the distance of an object
in a 2D scene taking advantage of size constancy. Objects far away are present-ed smaller in
angular size compared to closer objects (see Figure 3.1). To determine the absolute distance of
an object from its visual size, however, the viewer must know the real size of the object. For
example, the sizes of the running person, the dog, and the bird in Figure 3.1 are identical.
However, typically, a person is larger than a dog and a dog is larger than a bird. So, it appears
that the running person is the furthest from the viewer and the bird is the closest in the scene. If

the size of the object were ambiguous - for example, the plane in the scene could be a real
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airplane and large or a toy airplane and small - then size cannot be used to determine how far

away it is.

Distance Below the Horizon

Figure 3.1: Example of a 2D scene with objects at various distances. Distances are represented
with the objects’ (1) size —objects of smaller visual size (e.g., the running person and the tree
on the right side) are perceived as further away compared to the same objects of larger visual
size (e.g., the standing person and the tree on the left of the figure); and their (2) distance below
the horizon —objects placed closer to the horizon (the running person and the tree on the right
side) are perceived as further away compared to objects further below the horizon (e.g., the
standing person and the tree on the left side). The ground plane and the horizon play big roles in
depth perception in this example. The running person, the dog, the airplane, and the bird in this
scene are all the same visual size. When comparing the person and the dog, it appears obvious
the person is further away. However, when comparing them to the bird or the plane, it is
ambiguous whether the bird/airplane is: (i) flying at a distance close to the viewer and is smaller
in physical size or (ii) flying at a far distance but is larger in size.

Another way distances of objects can be represented in a 2D scene is to use the position,
i.e., the elevation in the visual field. People can use angular declination below the horizon to
determine the absolute distance of an object (Ooi et al., 2001). In a 2D scene, this can easily be

implemented with the objects placed at different elevations. An object placed near the horizon
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provides a smaller angular declination to the viewer, appearing to be far from them compared to
an object placed further below the horizon, appearing to be near (see Figure 3.1). However, this
is only a useful cue for the objects on the ground and not those that are floating or above the
horizon. For example, the plane in Figure 3.1 is the same visual size as the running person and
the dog, but it is ambiguous as to whether it is a small plane flying at a close distance or a large
plane flying at far distance. Additionally, although the bird in the scene is at the same distance
below the horizon and the same visual size as the dog, it is perceived as closer to the viewer than

the dog because it is flying (i.e., not on the ground).

3.2.2. Quantifying depth in a 2D scene.

These depth cues, the elevation and the visual size, representing the distance of an object
on a 2D platform are quantifiable using basic geometry. Figure 3.2 presents an example of a
target (with a height of Hopjec) at a distance (Dopjec:) On the ground represented on a screen placed
at a certain distance (Dscreen) away from the observer’s eyes (at the height H.).). The distance of
the object below the horizon on screen (dponom) and its height on screen (Aopjecr) can be computed
using these parameters (see Figure 3.2). Hence, theoretically, the distance between the observer
and the target (Diareer) should also be determinable from the object’s position on the screen, i.e.,

its distance below the horizon (P; where P = dpotom):
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L — Dq..en = Distance to the screen
D,pject = Distance to the object
rd Hee = Eye height
Dscreen Hopeet = Object height
Horizon Nobject Height of the object on the screen
— e - o —_—— = == = dy, = Distance to top of the object below =
dbottom I top‘ the horizon on screen
woiize | Opoom = Distance to the bottom of the object
below the horizon on screen
Popject™s. \\“\\ Object
Heye \‘\ \\‘*\ /
\‘\\ ‘ Hobject
v \\\_
Ground plane <« »
Dobject

Figure 3.2: Geometry of an object represented on a 2D platform (the screen). The elevation of

. . D H .
the object on the screen can be calculated with: dporrom = —e= %% and the height of the

Dobject

object on the screen can be expressed as /opjecr OT: (dbottom - dtop), where d;, =

DscreenX(Heye—Hobject)

Dtarget

. Hence, hobject = dbottom - dtop =

D
object X screen.
Dobject

D __ DscreenxHeye
object — P

Based on the dependency of the perceived size of an object on size constancy and
Emmert’s law (Irwin, 1969), the relationship between the object displayed on a 2D screen and
the real object can be represented as (as shown in Figure 3.2):

hobject Dscreen
S — J —

Hobject N Dobject
where the size of the object on the screen (S) is expressed in proportion to the real target size.
Therefore, I can determine the object distance (Dopjecr) from its size on screen in proportion to the

true object size (5):



Dscreen
Dobject = T .......................................... (33)

Throughout this paper, the distance below the horizon of the object on screen (i.e., dporiom
from Figure 3.2 in mm) will be referred to as the ‘position’ of the object (or target) on the screen
(P) and the ‘size’ of the object (or target) on the screen will be expressed as its size as a

proportion of its true physical size (S) - see Equation (3.2).

3.2.2. Hypotheses

In the present study, I evaluated whether people are able to use an object’s position (P)
and/or its size rendered in a 2D scene (S) to estimate an absolute distance. The perceived
distance of the target (of a familiar size) was measured indirectly by asking participants to either
change a target’s position (P) or its size (S) to what they perceived to match their smartphone —
an object with which they were intimately acquainted — in the scene standing on the ground at a
distance (Dosjec). Perceiving correct distances and sizes requires that the perceived scale of space
which shrinks with distance (Boring, 1964) and past studies have typically found systematic
errors in egocentric distance judgements (Z. Li et al., 2011; Viguier et al., 2001). Past models
such as Stevens’ (1957) power law (with the exponent 0.67; Table 1) as well as Gilinsky’s (1951)
formulas for perceived distance (Equation I) both show perceived distance is reduced compared
to the real distance. Therefore, it does not seem likely that people can determine the correct
absolute distance of an object from a 2D scene which only provides limited cues to distance.
Rather, I expect people to underestimate distance compared to the object distance I simulate in
the scene in this experiment. However, if people could infer a distance (apparent distance) from
position and size using their relationship as shown in Figure 3.2, then the adjusted positions and

sizes of the targets should be consistent.



Here, the participants performed two tasks consecutively. They first adjusted target
position while its size was fixed (Size-to-Position task) or adjusted target size while its position
was fixed (Position-to-Size task). They then adjusted the target size while its position was fixed
to the size that they had previously set in the first task or adjusted its position while its size was
fixed to the value set in the first task. I hypothesized that (H3) people would be able to reliably
use a target’s position and size in a 2D scene to infer its apparent distance and hence be able to
adjust target’s size and its position to the values at which it was first presented to them in the first
task. I also hypothesized that (H4) familiar objects in a 2D scene would improve people’s
perception of distance of the objects in the scene, resulting in the adjusted target sizes and
positions to be closer to the geometrically correct sizes and positions for the simulated distances.

To test these hypotheses, I conducted the following experiments.

3.3. Materials and Methods

Three online experiments were conducted following guidelines approved by the York
University’s Ethics Review Board and were carried out using the principles of the Declaration of
Helsinki. The participants were recruited from the York Undergraduate Research Participant
Pool (URPP) and received course credit for their participation. They had to be between 18 and
45 years old to be able to sign up for this study online, but the average age and number of
male/females are unknown due to many participants keeping that information hidden from the

researcher. All participants gave informed consent before taking part in the experiment.

3.3.1. Apparatus
All experiments were designed and programmed using PsychoPy3 that was run on
Pavlovia — an online platform to run experiments. Participants followed a web link provided

when they signed up for this study, on their own computer (laptop or desktop). I wanted to

46



simulate an object of a familiar size as the target. Therefore, participants used their personal
smartphone as a reference size to compare to visual renderings of their phone shown on the
screen. Because the sizes of participants’ screens and their smartphones varied, I needed to know
the screen and smartphone sizes for each participant. The participants performed the following
tasks at the beginning of the experiment to provide the information to allow us to estimate each

participant’s screen and phone size.

3.3.1.1. Enter phone size.

Participants entered their phone size by physically placing their smartphone on their
screen over a black rectangle and then adjusting the rectangle size using sliders—width and
height (see Figure 3.3A). When the rectangle matched their phone size, the participants pressed
the spacebar to continue to the next step. The size of the rectangle was saved as the full size of
their smartphone. Because the experiment was performed online and participants used their own
screens, the screen sizes varied. For this reason, the experiments recorded the phone height and
width as a proportion of the height of the screen (using the height units in PsychoPy3 where the

full height of the screen = 1).

The adjustable
rectangle to match
with the phone size

Please get a ruler and measure the length of the side of this square.
Type in the length in mm (e.g.. 150mm; 1cm is 10mm), then press enter (o
continue.

‘Participant’s phone

Sliders for width and height

Figure 3.3: Entering reference size. (A) Example photo of the phone size setting stage at the start
of the experiment. The width (W)pione) and the height (Hpnone) of the phones were recorded as a
fraction of the height of the screen. (B) Example photo of the reference length (Hyeference) setting
stage.
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3.3.1.2. Enter reference length.

Participants measured the length of a black square (each side was 2 of the height of their
personal screen) shown on the screen and entered it in mm (see Figure 3.3B). The participants
then pressed the enter key to continue to the next step. This provided us with the actual size of

their screen.

3.3.1.3. Estimating participant screen size.

Combining the phone size and the reference length entered, I computed each participant’s
screen height. I estimated their smartphone sizes by averaging the most popular smartphones in
Canada for 2019 — height = 143.3 mm and width 69.4 mm. First the phone size, width (Wpione)
and height (Hpone) entered (in proportion to the screen height) were divided by the estimated real

phone size and averaged to compute the first estimate of the screen height (Hscreeni):

Wphone , Hphone 1
H = (Fpone 4 X el 3.4
screenl 69.4 143.3 2 ( )

Because I only asked participants to enter the phone sizes in Exp 1, [ used Hscreenl as
the estimated screen sizes for each participant. Then, in Exp 2 and 3, reference length was
collected in mm. Since the reference length (Heference) was Y2 of the height of the screen, I

multiplied the entered length by 2 to compute the second estimate of the screen height (Hscreen2):

Hqcreenz = 2 X Hyeference -« oveovereererseensenseneenens (3.5)

To minimize the disparity between experiments, two estimated screen heights were
compared to verify any possible errors and then averaged to compute the final estimate of the

screen height for Exp 2 and 3 (Hjcreen):

Hycroen = “SCeebr 0ereens e (3.6)



3.3.14. Visual stimuli.

The scene displayed was a 2D rendering of a long, grassy path, open to the sky and with
stony walls on each side. The scene was created on Unity using a camera view 1.7 m above the
ground. The scene contained a grass-textured floor and stone walls on the left and right sides
(Figure 3.4A). The scene was designed to provide limited distance information (i.e., stones on
the walls are of unfamiliar shape and size, and there are no other objects in the scene other than
the target) so that the observer could focus on the target itself when determining its size/distance.
Because the screen sizes and ratios varied between participants, the width and the height of the
scene was kept at a 9:5 ratio, where the height of scene rendered on the screen was always the

full height of the screen. For most screens, this produced a full screen image.
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(A) Pathway Scene

Horizon

' = ” +5 (]}

Figure 3.4: Visual stimuli and tasks. (A) The pathway scene with an example e of a target (black
rectangle) displayed in the scene. The yellow horizontal line is the horizon in the scene — the
midline of the image. The target position is the distance from the horizon to the target base (red
line). Participants were instructed to imagine themselves standing in the pathway looking at their
smartphone standing on the ground. (B) During the Size-to-Position task, the position of the
target could be moved upward by moving the mouse up, and downwards by moving the mouse
down. (C) During the Position-to-Size task, the target size could be made larger by moving the
mouse up, and smaller by moving the mouse down.

The target was a black rectangle positioned along the center line of the scene. Participants
were asked to imagine that the target was their personal smartphone standing on the ground at

some distance from them. Depending on the task (see below), the target could be made

smaller/larger or moved up/down in the scene using a mouse.

3.3.2. Tasks
Having calibrated the participant’s equipment with the Enter Reference Length task and
the Enter Phone Size task, they then performed two tasks in order: a Size-to-Position task in

which they set the position (P) of a rendering of their smartphone of fixed size, and a Position-to-



51

Size task in which they set the size (S) of their smartphone rendered at a given position. The
order of the tasks was varied for each experiment. At the start of the experiment, and throughout

the experiment, participants were instructed to keep their eyes 0.5 m from the screen.

3.3.2.1. The size-to-position task.

During the Size-to-Position task, a pathway scene and a target was displayed on the
participants’ screen (see Figure 3.4A). Target size (S) was fixed, but participants could adjust its
vertical position (P). Five different target sizes were used for each test. For each target size, the
participants moved the target up or down using their mouse (see Figure 3.4B) to position it
where they perceived it to be at the correct position for that size rendering of their smartphone in
the scene. When they thought the target’s size and position were correct, they pressed the

spacebar to continue to the next trial.

Target positions were recorded as a fraction of the height of the screen. The full height
(bottom to the top of the screen) was defined as 1 unit, where [0, 0] represented the center of the
screen (see Figure 3.4A). [0, 0.5] represented the top, and [0, —0.5] represented the bottom of the
center line. The horizon extended from [0.9, 0] to [-0.9, 0] in this notation, hence keeping the

9:5 ratio between the width and the height of the scene.

3.3.2.2. The position-to-size task.

The pathway scene and the target displayed on the participant’s screen were identical to
as they were in the Size-to-Position task (Figure 3.4A). The target position (P) was fixed but its
size (S) could be adjusted. Five different target positions were used for each test. For each target
position, participants had to adjust the target size by moving their mouse up and down (Figure
3.4C). When they perceived the target to be the same size as their smartphone placed at that

distance, they pressed the spacebar to end the trial.



52

The adjusted target sizes were recorded as a fraction of the participant’s actual phone size
entered at the Enter Phone Size task, where a value of 1 represented the full size of the phone.
For example, a target size of 0.5 corresponds to the target being set to the half of the actual size

of the phone (in both height and width) rendered according to the geometry of Figure 3.2.

3.3.3. Methods for experiment 1

3.3.3.1. Participants.
Out of the 150 people that signed up for the experiment, 122 completed the experiment.
After post-test data cleaning (details below), 40 participants had to be removed, leaving 82

participants for the analysis.

3.3.3.2. Procedures.

Experiment 1 started with Enter Phone Size task to obtain the phone size to be used to
determine target size throughout. It was followed by the Size-to-Position task, where I measured
each participant’s judgement of where each target should be positioned in the scene based on the
target size presented. The target size was equivalent to the visual size of their phone (based on

the phone size from the Enter Phone Size task) when seen at each of the five distances. The

screen

. . . : D . o .
visual sizes were determined using the formula , where Dycreen 1 the viewing distance (0.5

object

m) and Dopjec: 1 the simulated target distance, 4, 8, 12, 16, and 20 m (see Figure 3.2).

After completing the Size-to-Position task, the participant then continued to the Position-
to-Size task (see Figure 3.5 for the task order for Exp 1). I considered the positions where the
participant placed targets in the Size-to-Position task to be the position at which they perceived
the target as the same size as their smartphone. Therefore, the targets in the Position-to-Size task
were presented at the average positions recorded from the Size-to-Position task for each intended

target distance.
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1st Task ) — 2nd Task
Size-to-Position Task

Position-to-Size Task
2" Task 1st Task

Figure 3.5: Task orders for Exp 1 and 2. The participants in Exp 1 performed the Position-to-
Size task first (1st task) and then the Size-to-Position task (2nd task); and in Exp 2, they
performed the Size-to-Position task first (1st task) and then the Position-to-Size task (2nd task).
The results from the 1st task (target positions from the Size-to-Position task, and target sizes
from the Position-to-Size task) were used in the 2nd task.

There was a total of 25 trials (5 trials per target sizes x 5 target sizes) in the 1st task, and
25 trials (5 trials per target position x 5 target positions) in the 2nd task. It took approximately 20

min to complete the experiment.

3.3.4. Methods for experiment 2

3.34.1. Participants.

Out of the 150 people who signed up for the experiment, 100 completed the experiment.
After post-test data cleaning (see below), 48 participants had to be removed, leaving 52
participants for the analysis.

3.34.2. Procedures.

The test procedures were similar to Exp 1. The Enter Reference Length task (see above)
was added following the Enter Phone Size task to obtain additional information about the

participant’s screen size. After the Enter Reference Length task, participants performed the



Position-to-Size task, where the targets were placed at positions corresponding to the test
distances: 4, 8, 12, 16, and 20 m (0.417, 0.191, 0.123, 0.089, and 0.069 below the horizon, where
1 is the full screen height). The positions were determined from the position of the targets when
they are placed in the 3D model in Unity which was used to render the 2D scene (see Figure 3.2
and Visual Stimuli section). Then, the participants continued to the Size-to-Position task, using
the average sizes recorded from the Position-to-Size task for each intended target distance (see

Figure 5 for the task order for Exp 2).

There was a total of 25 trials (5 trials per target sizes x 5 target sizes) in the 1st task, and
25 trials (5 trials per target position x 5 target positions) in the 2nd task. It took approximately 20

min to complete the experiment.

3.3.5. Methods for experiment 3

3.3.5.1. Participants.

A total of 210 people completed the experiment (93 in group 1 and 117 in group 2). After
post-test data cleaning (see below), 126 participants had to be removed, leaving 84 participants

for the analysis (42 in each of two groups).

3.3.5.2. Procedures.
The test procedures were similar to Exp 1 and 2 except the 2D pathway scene had

familiar objects added to the scene. The familiar objects used were a bicycle and a door. They
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were either near (at 8 m) or far (at 16 m) from the observer in the rendered scene (see Figure 3.6).

There were 2 conditions: task order and familiar object distance. Groups 1 and 2 were separated
by task order: group 1 followed the task order for Exp 2 (see Exp 2 order in Figure 3.5), and the

group 2 followed the task order for Exp 1 (see Exp 1 order in Figure 3.5).
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Figure 3.6: The pathway scene with familiar objects. The scene is identical Figur 3.4A but
contained a bicycle and a door (highlighted by yellow circles) at near (A) and far (B) distances.
The yellow circles were not present on the display.

The order of the familiar object scenes (near or far) was counterbalanced to monitor any
order effect of the familiar object position in the scene. In the 1st task, those with odd participant
numbers (in both groups 1 and 2) viewed the scene with the familiar objects at the near distance
for the first 20 trials then at the far distance for the next 20 trials and the order was reversed for
those with even participants numbers. In the 2nd task, 40 trials were presented using the
responses obtained from the near trials in the 1st task (20 with near familiar objects — near-to-
near; and 20 with far familiar objects in the scene — near-to-far) and 40 trials were presented

using the responses from the far trials in the 1st task (20 with near familiar objects — far-to-near;



and 20 with far familiar objects in the scene — far-to-far). All 80 trials in the 2nd task were
randomly presented to the participants. All participants experienced the four familiar object
orders (near-to-near, near-to-far, far-to-near, and far-to-far). Therefore, there were a total of 120
trials for each participant: 40 trials (4 trials per target distances x 5 target distances x 2 familiar
object distances) in the 1st task, and 80 trials (4 trials per target distances % 5 target distances x 4
familiar object distance orders) in the 2nd task. It took approximately 30 min to complete the

experiment.

3.3.6. Data analysis

In each experiment, the two tasks were performed in an order which depended on the
experiment as described above. The target position or size results from the 1st task were used to
set the initial values used in the 2nd task. Therefore, if participants could reliably estimate a
target’s visual size from its position and its position from its visual size, then the initial target
position or size (presented in the 1st task) should match the final target size or position (results
from the 2nd task). To determine whether participants could use target size to determine the
correct target position in the scene or use target position to determine the correct target size, I
compared the initial target size/position combination to the final target size/position combination
after completing the tasks for each experiment. I also compared the target size and position

between experiments.

3.3.6.1. Converting positions to mm below the horizon.
To convert target positions in proportion to the screen height (Pscreen) to millimeters (mm)
I multiplied the estimated screen height (Hscreen) for each participant (see Section 3.3.1.3 for

details on how that was computed) to the target positions results:

P = Hoproon X Prgroom e e veeeeeeeeseeeeeeoeenenaeeeeeeen, (3.7)
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3.3.7. Post-test data cleaning

Each participant’s responses were evaluated for any possible misunderstanding of the
tasks and irrational responses due to lack of enthusiasm (e.g., button mashing) that is inevitably
found amongst undergraduates running unsupervised experiments online. Participants were

removed from analysis if any of the followings were evident:

1. Incomplete dataset;

2. Impossible target position (target position > 0 — above horizon);

3. Unfeasible screen/phone sizes (i.e., the phone height-to-width ratio > 0.7 or <0.3, and the
discrepancy in estimated screen heights from the phone size and the reference size is
larger than 50 mm);

4. Uncorrelated responses to the target size/position conditions (suspected of not paying
attention to the task, i.e., standard deviation of their responses was 0 in one or more

conditions).

3.4. Results

3.4.1. Experiment I: the position-to-size task and then the size-to-position task

In Exp 1, participants first adjusted the position of targets that were set to the sizes they
should be when viewed at 4, 8, 12, 16, or 20 m (the Size-to-Position task) so that they appeared
correct. Then, in a second task, they adjusted the size of targets that were positioned at the
locations they had set in the 1st task (the Position-to-Size task). I conducted a repeated-measures,
1.e., within-subject, analysis of variance (ANOVA) to analyze the differences among the mean
sizes (task order: initial vs. final sizes) between the simulated target distances (see Appendix A:
Table A1 for the results). The main effect of task order was significant, F(1, 81) =33.034, p <

0 .001, n?> = 0.207. The main effect of simulated target distance was also significant, F(4, 324) =



130.388, p < 0.001, n?> = 0.124. These main effects were qualified by a significant interaction
between the task order and simulated target distance, F(4, 324) = 6.958, p < 0.001, n?> = 0.007.
Further evaluations with pairwise t-test using Bonferroni correction, adjusting the alpha level to
accommodate multiple comparisons and maintain the familywise error rate of 0.05, showed that
the final sizes were significantly larger than the initial sizes for each target distance (p < 0.001),
which suggests that the participants could not successfully adjust targets to their original sizes
from their positions in the 2nd task, even though they had themselves placed the targets there in
the 1st task. It was also revealed that the final sizes for the targets simulated at closer distances
were significantly larger than those simulated at further distance (p < 0.001) except for those
between 12 and 16 m (p = 1.000) and between 16 and 20 m (p = 1.000). These results suggest
that participants could match the target sizes in the correct order based on their simulated

distances up to 12 m (See Table 1A for the average values from Exp 1).
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Table 1: Average initial and final sizes/positions for all tasks.

A. The Average Initial and Final Target Sizes for Size-to-Position-to-Size Task Order

4 m 8§ m 12 m 16 m 20 m
Initial size 0.125 0.063 0.042 0.031 0.025
Position (Exp 1) * (mm) ~48.0+28  —265+18  —187+14 -139+13 -128+13
Position (Exp3: Group 2) * (mm) -62.6+49  —412+3.0  -3L.1+21 -241+18 -216+1.8
Final size (Exp 1) ** 0.29+0.02 0.19+0.02 0.15+0.02 0.13+£0.02 0.14+0.03
Final size (Exp 3: Group 2) ** 028+0.04  0.20+0.04 0.17+0.04  0.16+0.04  0.16+0.04
B. The Average Initial and Final Target Positions for Position-to-Size-to-Position Task Order

4 m 8§ m 12 m 16 m 20 m
Initial position (Exp 2) (mm) -73.7+15  -33.8+07 —21.7+04 -156+03 —12.1+0.2
Size (Exp 2) ** 0474004  035+003  028+0.03 0254003  0.19+0.03
Final position (Exp 2)* (mm) -55.0£2.6  —41.7+23 -33.0+24  —274+20 -209+22

4m 8§ m 12 m 16 m 20 m
Initial position (Exp 3: Group 1) (mm) -76.9+2.7  -36.1+12  -235+08 —-173+0.6 —141+0.5
Size (Exp 3: Group 1) ** 0.48+0.05  0.35+0.05 032+0.05  0.32+0.05  0.28+0.05
Final position (Exp 3: Group 1) * (mm) -623+28  -465+28  —403+30 -358+32 -313+29

Note 1: The initial sizes (grey background) were the geometrically correct size for each simulated target. Note 2: The initial positions (grey
background) are the average of the positions where targets were rendered in the 2D scene for each simulated distance. These were different for
each participant due to the different screen sizes. Note 3: The values that are stated after each mean size/positions (+) are the standard errors. *
The positions are how far below the horizon the target was placed in the Size-to-Position task. ** The sizes are in proportion to the phone size
entered.

I also conducted a single-factor repeated-measures ANOVA to compare the positions at
which targets were placed in the Size-to-Position task (1st task) with the simulated target
distances (see Appendix A: Table A2 for the results). A significant main effect of position was

found, F(4, 324) = 143.443, p < 0.001, n? = 0.639, which was followed by pairwise t-test using

Bonferroni correction. The positions were significantly different for each target size (p < 0.05)

except for those between 16 and 20 m (p = 1.000). That is, participants could match target size
and position in the correct order in the scene up to 16 m away for their positions and up to 12 m
away for their sizes. Participants may not have been able to infer target distances from their sizes
or positions in a 2D scene because they could not match the targets’ final sizes to their initial

sizes.



Individual participant responses are shown in Figure 3.7 (Exp 1), which plots the position

set as a function of size for the two tasks. The data patterns for the two tasks are very different

from each other and from the black dashed line which indicates the correct geometry. To

discover whether the order of the tasks mattered, I conducted Experiment 2 in which the task

order was reversed.
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Figure 3.7: Participants’ settings for all tasks. Target position plotted as a function of target size.
Top row, with no familiar objects (Exp 1 and Exp 2); bottom row, with familiar objects (Exp 3).
Left column, the Size-to-Position task first followed by the Position-to-Size task; right column,

60



61

the Position-to-Size task first followed by the Size-to-Position task. The dashed black lines
represent target sizes and positions with the correct geometry. The solid light-colored lines are
the average responses from each individual participant and the darker-colored lines with white
dots represent the mean of responses from all participants for each task, where the dots are the
means for each simulated target: the Size-to-Position task (Blue) and the Position-to-Size task
(Red). (The means and the standard errors can be found in Table 1).

3.4.2. Experiment 2: size-to-position then position-to-size

In Exp 2, the task order was the reverse of that used in Exp 1: participants first adjusted
target sizes from their given positions simulated to be at 4, 8, 12, 16, and 20 m (the Position-to-
Size task). Then in the 2nd task, they adjusted the target positions for targets set to the sizes that
they had just set for each simulated distance in the 1st task (the Size-to-Position task). The data

are plotted in Figure 3.7 (Exp 2).

A repeated-measures ANOVA was conducted to compare the positions (task or-der:
initial vs. final positions) between the simulated targets distances (see Appendix A: Table A3 for
the results). The analysis revealed a significant main effect of task or-der, F(1, 51) = 6.582, p =
0.013,m?=0.010, and a significant main effect of simulated target distance, F(4, 204) = 385.818,
p <0.001, n? = 0.664. These main effects were qualified by a significant interaction between the
task order and simulated target distance, F(4, 204) = 46.905, p < 0.001, n> = 0.077. Further
evaluations with pairwise t-test using Bonferroni correction showed that the final positions were
significantly different compared to the initial positions for each target distance (p < 0.050),
which suggests that the participants could not successfully adjust targets to their original
positions from their sizes in the 2nd task which they had set in the 1st task. It was also revealed
that the final positions were significantly further below the horizon for targets that were
simulated at closer distances than those simulated at further distances except for the targets

between 12 and 16 m (p = 0.185). These results suggest that participants could place the targets
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in the correct order based on their simulated distances up to 12 m (See Table 1B for the average

values from Exp 2).

In addition, a single-factor repeated-measures ANOVA was conducted to compare the
sizes set in the Position-to-Size task (1st task) between intended target distances (see Appendix
A: Table A4 for the results). A significant main effect of task was found, F(4, 204) = 68.352, p <
0.001 n? = 0.573. Pairwise t-test using Bonferroni correction showed that the positions were
significantly different for each target size except for those between 12 and 16 m (p = 0.770).

Therefore, participants could adjust the target sizes to the correct order in the scene up to 12 m.

These results are similar to the findings from Exp 1. The results further suggest that
participants could adjust the target sizes and positions to the geometrically correct order to a
degree, but that their responses were again very different from the correct geometry (see Figure
3.7 — Exp 2; the blue and the red lines compared to the black dashed line). From the results of
Exp 1 and 2, it appears that the participants were not able to infer distances from their sizes or

positions in a 2D scene.

3.4.3. Experiment 3: familiar objects in the 2D scene

In Exp 3, I repeated Exp 1 and 2 with the simulated target distances at 4, 8, 12, 16, and 20
m but provided an additional distance cue—familiar objects (a bicycle and a door, see Figure 3.6)
in the scene. Group 1 followed the task order of Exp 2 and Group 2 followed the task order of
Exp 1. The familiar objects in the scene were either at near or far distances, the order of which

was counterbalanced during the experiment (see Section 3.3.5.2 for details).

I conducted a repeated-measures ANOVA comparing target positions for Group 1 and
sizes for Group 2 to determine whether there was any effect of the order of the familiar object

positions: near-to-near, near-to-far, far-to-near, and far-to-far. The analysis revealed no



significant differences between familiar object orders for Group 1, F(3, 123)=0.117, p = 0.950,
1% <0.001, or Group 2, F(3, 123) =0.173, p = 0.915, n* < 0.001. Therefore, I pooled the
participant responses by averaging the sizes and positions across the familiar object order

conditions for the following analyses.

3.4.3.1. Group 1: position-to-size-to-position.
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I performed a repeated-measures ANOVA to compare the positions (task or-der: initial vs.

final positions) between the simulated target distances (see Appendix A: Table A5 for the
results). The analysis revealed a significant main effect of task order, F(1, 41) =29.855, p <
0.001, n? = 0.054, and a significant main effect of simulated target distance, F(4, 164) = 422.301,
p <0.001, n? = 0.658. I also found a significant interaction between task and target position, F(4,
164) = 61.639, p < 0.001, n*> = 0.090. Pairwise comparisons using Bonferroni correction showed

that the final positions were significantly different from the initial positions for each simulated

target distance (p < 0.001). Further evaluation also showed that the final positions were

significantly further below the horizon for the targets simulated at closer distances than those
simulated at further distances except for those between 12 and 16 m (p = 0.574), and between 16
and 20 m (p = 0.639). These results are consistent with the previous results from Exp 2 (see

Table 1B for the average values from Exp 3: Group 1).

A single-factor repeated-measures ANOVA was also conducted to compare the sizes
matched in the Position-to-Size task (1st task) between simulated target distances - see Appendix
A: Table A6 for the results - and a significant main effect of task was found, F(4, 164) = 40.487,
p <0.001, n? = 0.497. Pairwise t-test using Bonferroni correction showed that the sizes were
significantly different for each intended target distance except for those between 12 and 16 m (p

=0.099) and 16 and 20 m (p = 1.000).
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3.4.3.1. Group 2: size-to-position-to-size.

I performed a repeated-measures ANOVA to compare the sizes (task order: initial vs.
final positions) between the simulated target distances (see Appendix A: Table A7 for the
results). The analysis revealed a significant main effect of task order, F(1,41) =12.123,p =
0.001, n? = 0.193, where the final target sizes were significantly larger compared to the initial
sizes on average (see initial and final sizes for Exp 3: Group 2 in Table 1A). In addition, there
was a significant main effect of simulated target distance, F(4, 164) = 64.329, p < 0.001, n* =
0.067. However, there was no significant inter-action between order and intended target distance

found, F(4, 164) = 0.916, p = 0.456, n* < 0.001.

In a single-factor repeated-measures ANOV A conducted to compare the positions set in
the Size-to-Position task (1st task) between simulated target distances (see Appendix A: Table
A8 for the results), a significant main effect of simulated target distance was found, F(4, 164) =
77.179, p <0.001, n? = 0.653. Pairwise t-test using Bonferroni correction showed that the
positions were significantly different for each target size except for those between 12 and 16 m

(p=0.099) and 16 and 20 m (p = 1.000). These results are similar to those found in Exp 1.

3.4.4. Between experiments analysis

3.44.1. Effect of familiar objects on the 1% task.

When comparing the adjusted target sizes from the Position-to-Size task in Exp 2 and
Exp 3 - Group 1, responding to the initial target positions, I used a repeated-measures ANOVA.
No significant effect of familiar object was found, F(1, 92) = 0.498, p = 0.482, n? = 0.005.
However, when comparing the positions set during the Size-to-Position task in Exp 1 and Exp 3 -
Group 2, responding to the initial target sizes, there was a significant effect of familiar object,

F(1,122) =20.267, p < 0.001, n? = 0.065. These results suggest that familiar objects in a 2D



scene did not influence the participants’ judgement of the target size based on target position
(Position-to-Size), but they affected their judgement of the target position based on target size
(Size-to-Position).

3.44.2. Effect of familiar objects on the 2™ task.

When comparing the target positions set during the Size-to-Position task in Exp 2 and
Exp 3 - Group 1, responding to the target sizes they adjusted to in the 1st task, I used a repeated-
measures ANOVA. A significant effect of familiar object was found, F(1, 92) = 6.628, p =0.012,
n? = 0.032. However, when comparing the adjusted target sizes from the Position-to-Size task in
Exp 1 and Exp 3 - Group 2, responding to the target positions they set in the 1st task, no
significant effect of familiar object was found, F(1, 122) = 0.188, p = 0.665, n?> = 0.001. These
results are consistent with the findings from the comparisons of the 1st task, where familiar
objects in a 2D scene did not influence the participants’ judgement of the target size based on
target position (Position-to-Size), but they affected their judgement of the target position based
on target size (Size-to-Position).
3.5. Discussion

In my study, participants positioned a rendition of their cell phone of a given size to
where they thought it should be in a 2D scene, the Size-to-Position task, or they adjusted its
rendered size until it appeared correct while it was at some fixed position in the scene, the
Position-to-Size task. The distance of a given object determines its image size. Hence,
participants would have had to estimate the distance to the rendition of their cell phone to be able
to adjust its size correctly and vice versa. Given the known familiar physical size of their phone,

I hypothesized that (H3) they should have been able to adjust the target’s position below the
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horizon and the size at which it should appear. Instead, in all the experiments, the final target

size/position combinations did not match the initially simulated values.

I interpret my results as indicating that my participants could not infer target position
from its size or its size from its position, which implies that my participants were not able to
estimate the distance to the target reliably. In general, they made the rendition too large or placed
it too close to the horizon (too far away) compared to the geometrically correct values (see
Figure 3.7). Pictorial cues such as wall patterns (although the stone sizes for my walls were
ambiguous compared to standard sized bricks) and linear perspective from the intersections
between the walls and the floor can help in people’s distance perception (Hornsey & Hibbard,
2021) but participants could not use these cues to determine absolute distance. This may be due
to the 2D scene being seen as smaller (minified) as was found in past studies when a real-world
scene that was presented on a synchronized image display had to be magnified substantially to be
seen as correct (Roscoe, 1984). If the 2D space were perceived as smaller than simulated, then an
object would have had to be made larger for it to appear to be the correct size and placed further
away for it to appear to be at the correct distance, which is what my participants did on average.
My results could not be represented using Stevens’s power law (Stevens, 1957) or Gilinsky’s
formulas for perceived size and distance (Gilinsky, 1951). Both models propose underestimation
of an object distance, whereas my results show the opposite effect for some tasks (i.e., the Size-
to-Position task). Additionally, the responses from each individual participant varied greatly,

therefore making it difficult to be represented using a single model.

Overall, it would seem that my participants could not use a familiar object’s position
(angular declination below the horizon) or its visual size to derive its absolute distance in a 2D

scene. Participants not being able to infer absolute distance from size is consistent with past
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studies of perceived size and distance in the real world (Gogel et al., 1963). However, not being
able to infer distance from target position is not consistent with previous research - where
angular declination below horizon helped in distance perception (Ooi et al., 2001) - which may
be due to using a 2D scene. Ooi et al. (2001) demonstrated that the perceived eye level is
important in computing the angular declination below horizon. In the 2D scene presented in my
experiment, the ground information from their feet to the bottom of the screen was missing and
participants may therefore have mis-perceived the eye level which was set to a fixed value of 1.7
m. Dixon et al. suggested that eye level in general is not scaled correctly when people view non-
immersive displays because the altitude of the horizon is indeterminate (Dixon et al., 2000).
Misperceived eye level would then lead to misperceived angular declination of the target,
resulting in errors when determining a target’s distance from its position. Although participants
could not determine the absolute distance of the targets from their size and position in the scene,
they could use what they saw to, at least mostly, determine the correct distance order. In the real
world, a given object at a further distance from the observer has a smaller visual angle compared
to that same object viewed at a closer distance. When viewed more distantly, the object will also
be closer to the horizon in the visual field. In all experiments, my participants set targets that
were closer to the horizon to smaller sizes compared to the targets further below the horizon in
the Position-to-Size tasks. They also placed the smaller targets closer to the horizon compared to
the larger targets in the Size-to-Position tasks. This shows that they had some idea of the three-
dimensional nature of the world that was depicted. Gogel et al. (1963) found that the perceived
absolute size and distance of an object were positively correlated, but that the ratio between them
varied rather than following strict size—distance constancy rules. My results are consistent with

this idea. When the horizon is clearly defined in a picture, observers can use distance to the
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horizon to determine relative distance to objects and ignore other possibly erroneous information
such as the height in the picture plane, i.e., “the distance from the picture’s lower border to the
bottom of the object” (Gardner et al., 2010) (p. 445). It would seem that my participants could
not derive absolute distances from target size or position, but they could correctly infer relative
distances using the angular declination below the horizon and size constancy. Most past studies
on perceived size and distance have been conducted in the real or virtual environment in a 3D
space (Chen et al., 2019; Gogel et al., 1963; Maltz et al., 2021). When using a 2D image, they
were designed to provide sufficient distance information, such as using a live video or a photo of
a real scene (Boring, 1964; Roscoe, 1984), rather than to limit the distance cues as I did in this
study. My study fills this methodological gap in the literature and shows that people can judge

relative distance to the objects in a 2D scene from using only their visual sizes or positions.

Out of the five targets rendered at distances between 4 and 20 m, participants could do
this for targets at 4—12 m (corresponding to the base of the object 76.9 to 21.7 mm below the
horizon on average; see Table 1). The horizon ratio, the ratio between the visual height and the
distance below the horizon of an object in pictures, can help judge relative sizes which are
typically most accurate at eye level, i.e., near horizon (Bertamini et al., 1998; S. Rogers, 1996).
Instead, my participants were less accurate in determining the relative sizes of targets closer to
the horizon (simulated distance beyond 12 m). This may be due to the difference in the size of
the target used. Bertamini et al. (1998) used poles at 60% of the observer eye height (the shortest
pole was 96 cm), whereas my participants used their own smartphone as reference size
(approximately 14.3 cm). As objects are simulated at further distances, their angular size and
displacement from the horizon become smaller, hence more difficult to distinguish as the

differences in size and distance also become smaller. The largest difference between the targets
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simulated beyond 12 m were 7 mm for positions and 0.03 for sizes (approximately 4.3 mm for
height) which correspond to visual angles of 0.8° and 0.5°, respectively. These differences may

have been too small for the participants to distinguish them.

3.5.1. Why is there a task order effect?

How well my participants performed on the tasks I set them depended, unexpectedly, on
the order in which they performed them. The targets positioned based on their size, the Size-to-
Position task, were more geometrically accurate compared to the target sizes chosen for a given
position, the Position-to-Size task, when they per-formed the Size-to-Position task first (i.e., blue
lines were closer to the dashed line compared to the red lines in Figure 3.7 Exp 1 and Exp 3:
Group 2). However, when they performed the Position-to-Size task first, the size was
consistently set too large and subsequently performed the Size-to-Position task did not improve
their accuracy. In the 1st task, participants were presented with targets that were set to the
geometrically correct size (for the Size-to-Position task) or position (for the Position-to-Size
task). Based on these results, it appears that participants were more accurate at placing targets at
the geometrically correct positions when the correct target sizes are presented to them during the
Size-to-Position task. However, being presented with targets at the correct position during the
Position-to-Size task did not help them match the targets to the correct sizes. My data confirms
that the absolute distance of an object may not be determined from its size and position presented
in a 2D scene, but it is unclear why participants’ responses differed between the tasks. Such an
order effect suggests there might be fundamental differences between these tasks. Do people

perceive size and distance differently depending on the task they are performing?

Despite the popularity of the size—distance hypothesis, studies have shown that size

perception and distance perception may, to some extent, be independent from each other (Haber
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& Levin, 2001; Kim, 2018). Kim (2018) suggested “size and distances are two independent
perceptual processes with each determined directly by the corresponding information sources” (p.
16). Haber and Levin (2001) also claimed that size perception is based on properties of the object
such as prior knowledge or experience that the observer had, and that distance perception is
based on the environmental information that describe its distance. The two tasks used in the
present study asked the participants to determine different aspects of the targets. In the Size-to-
Position task, they had to determine target position (i.e., their distances), while in the Position-to-
Size task, they had to determine target size. If size and distance perceptions are fundamentally
different, then this might explain the differences between the two tasks shown here. That is,
being presented with geometrically correct target sizes results in more accurate estimates of
target positions in the Size-to-Position task but being presented with correct positions did not

result in more accurate target sizes in the Position-to-Size task.

During the Size-to-Position task, they may have used the environment sources (the 2D
scene) to determine the target position and focused on placing each target based on where they
saw the targets to be in the environment (the pathway scene), ignoring the visual sizes of the
targets. If this were the case, then it is possible that participants simply distributed targets along
the pathway in the scene based exclusively on their relative sizes. The targets were still placed in
the appropriate order, which shows they understood the overall relationship between size and
position in a 2D scene. The plots for individual participants shown in Figure 3.7 show large
individual differences. Some participants set target sizes that were so large that their correct geo-
metrical position would have been too close to even be rendered on the screen during the Size-to-
Position task (Figure 3.7, refer to the individuals on the far-right side of the plots). However,

instead of placing targets clustered towards the bottom of the screen, they still placed targets
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distributed along the pathway, further suggesting that they could not use the visual size of the

targets to determine their correct positions in a 2D scene.

Similarly, during the Position-to-Size task, many targets were made much larger than
their geometrically correct size, despite their position in the scene. The participants may have
been unable to use the environment (2D pathway scene) and focused instead on matching the
targets to the physical size of their smartphone. When viewing a picture, there are two distinct
distances a person can perceive simultaneously: (1) a distance from the eye to the picture, and (2)
the distance from the point of view of the picture, i.e., within the three-dimensional scene in the
picture (Gibson, 1954). These participants may have failed to perceive the scene as a space
within the picture during this task. Some participants, however, were able to use the size and
position of targets to determine their geometrically correct distances (Figure 3.7; refer to the
individuals on the far-left side of the plots, close to the geometrically correct lines). Individual
differences have been shown in past experiments evaluating absolute sizes and distances for
objects beyond 3 feet (Gogel & Mertens, 1967; Higashiyama, 1983); Higashiyama (1983)
suggested that there may be different populations of observers using different types of strategies.
My participants seem to have used different individual strategies when determining the size of an
object as opposed to when determining its distance. These results demonstrate the independence

of the size and distance perception further, at least in a 2D scene.

3.5.2. Can familiar objects improve object distance judgements in a 2D scene?

There are many studies looking at the effect of familiar size on determining the perceived
distance of a familiar object (Fitzpatrick et al., 1982; Haber & Levin, 2001; Hochberg &
Hochberg, 1952). However, results are mixed as to how familiarity affects perception. Hochberg

and Hochberg (1952) suggested that familiar size may not affect perception of depth at all.
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Changing the visual size of a familiar object can sometimes affect its perceived distance
(Fitzpatrick et al., 1982), but this may depend on the person’s viewing attitude, i.e., using
different strategies. Being instructed to use the knowledge the person has about an object can
result in them relying less on the perceptual information (Higashiyama, 1984; Predebon, 1992),
cognitively fixing the absolute size of an object in their mind and only adjusting its apparent
distance according to its visual size as Fitzpatrick et al. (1982) showed in their study. Haber and
Levin (2001) found that an observer’s familiarity with an object helped determine their
perception of the size and distance of a far object (50—-100 m) where distance information was
limited, but not for close objects (0—50 m) where distance information was clear. They also
found that people were more accurate at determining an object’s size and distance when a given
familiar object’s size varied less in general, e.g., bikes vary less in size compared to house plants

(Haber & Levin, 2001).

In this study, the targets represented participants’ smartphones which they are very
familiar with, but these familiar visual stimuli were displayed in a 2D scene which provided
limited distance information. Recognizable familiar objects in the environment can help in
determining the size and distance of other objects (Park et al., 2021). Therefore, adding a bike
and a door to the scene - two of the items used by Haber and Levin (2001) as objects with low
variance in size (see Haber & Levin, 2001, Table 1, p. 1142) - was expected to improve
participants’ size and distance perception (H4). My results show familiar objects in the scene did
indeed influence participants’ responses in the Size-to-Position task. Having familiar objects in
the scene resulted in participants’ responses being more geometrically correct in the Size-to-
Position task. It appears that familiar objects may play a role as anchors which observers can use

when determining an object’s position from its size.
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The familiar objects, however, did not affect responses in the Position-to-Size task.
Interestingly, therefore, the objects seem to have helped determine a target’s position but not its
size in a 2D scene. This does not align with the past findings, where familiar size was found to
affect both perceived size and distance (Maltz et al., 2021). Maltz et al. (2021) found people
perceived Rubik’s cubes as larger and further away than dice when they were matched to the
same physical sizes and distances. However, familiar size affected size perception more when
viewing an object monocularly compared to when viewing it binocularly. Additionally,
judgement of size was found to vary with depth information in the real-world scene displayed on
a screen, but judgement of distance did not (Meehan & Triggs, 1992). My data suggests that
when viewing an object in a 2D scene, the presence of familiar objects does not affect perceived
size and distance equally, which is a novel finding that, as far as [ know, has not been observed
before. The differences in the effect of familiar size on my tasks further demonstrate that size

and distance perception processes are independent.

3.5.3. Limitations and future studies.

The present study was conducted online, with each participant using their own computer
screen which provided a limited field of view, especially in the vertical dimension. The 2D scene
was presented on a regular screen and much of the ground information was missing. Unlike in
the lab, I did not have the ability to blank out the rest of the world so that only the screen was
visible or to fix my participant’s eye height above the simulated ground plane. The lack of
sufficient ground plane information in my displays may have contributed to my participants not
being able to infer correct distances from target sizes and positions. Future studies should utilize
a larger screen, fully extended to the floor, which may allow more accurate distance perception

even when viewing an object on a 2D screen.



Although I instructed participants to imagine themselves standing in the pathway scene,
some may not have been able to do so effectively. If they failed to consider the environment in
the 2D scene as a life-size pathway but instead viewed it like a painting, then they would not
have perceived it at the correct scale. The perceived size of an object is “driven from the
underlying scale of the environment...within which individual objects are located” (Sedgwick,
2021, p. 15). Misperceiving the scale of the environment would result in misperceiving the size
of an object, leading to inaccurate perceived distance. More immersive experience of the scene,
such as in a cave automatic virtual environment (CAVE) or other virtual environment, would
help observers perceive an environment at the correct scale, hence perceiving object size

correctly and perhaps leading to a more accurate determination of its distance.

3.6. Conclusion

When determining an object’s distance from a 2D scene displayed on a computer screen,
people cannot use its visual size and position (elevation in the scene) are not reliably to compute
the distance simulated in the presented scene. Familiar objects in the scene seem to help in
determining the target’s size more accurately, improving their performance when adjusting its
position according to its visual size, but they do not help in determining its correct position in the
scene. These results suggest that size and distance perception processes may be independent and

rely on different information to determine them.
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4.0. Can people determine object distance from its visual size and position in a correctly
scaled 2D scene displayed on a large screen with aligned ground plane?
This chapter is of a manuscript which is currently under preparation. I am the first author of the
paper and Dr. Laurence Harris is the second author. My contribution to the paper includes
designing the experiment, programming the tasks, writing up the ethics forms, running the

experiment, testing participants, analyzing and interpreting the data and writing up the paper.

Dr. Harris’s contributions include helping with the design of the experiment, providing feedback

on experimental tasks and interpretations of the results, and editing the paper.

4.1. Abstract

The results in Chapter 3 demonstrated that people can infer relative distance of an object
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reliably from its visual size and position in a 2D scene, but not its absolute distance when viewed,

for example, on a computer screen. Here, I repeated the experiment described in Chapter 3, that I
had originally done remotely, with visual stimuli projected onto a wall. The simulated scene was
displayed at natural size with the ground plane aligned with the floor of the display room. Might
realistically scaling the environment improve people’s distance perception in a 2D scene?
Participants sat on a chair and held a familiar reference object (a physical cereal box) in their
hands while viewing a target (an image of a cereal box) projected onto a wall 2 m away. They
compared their sizes and adjusted either the target’s size based on its position in the scene
(Position-to-Size task) or its position based on its visual size (Size-to-Position task) to match the
true reference size. In experiment 1, the adjusted target position was consistent with the object’s
visual size. The adjusted size, however, was consistently larger than the correct size. These
results suggest that people can use the visual size of an object to infer distance from a 2D scene

if it is presented in a correctly scaled large display unlike in the study described in chapter 3
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where the target and the scene were presented on a small monitor screen. Experiment 2 used a
tracking task using a wider range of simulated distances with smaller intervals between them.
Estimating participants’ perceived horizon and eye height, by fitting their responses to a linear
model, revealed that participants may have perceived the horizon to be lower than it was in the
scene. The eye height was perceived to be shorter in the Position-to-Size task than in the Size-to-
Position task. The fact that we observed different errors in the two tasks supports the idea that
they are fundamentally different tasks, where one relies on size perception and the other on

distance perception using different mechanisms, confirming the results of my previous study.

4.2. Introduction

Humans can easily recognize and perceive objects (e.g., from drawings on a cave wall) or
even a 3D scene (e.g., from landscape paintings with perspective) represented in images
presented on a flat surface. Most animals on the other hand cannot do this, or at least not without
significant training (Jitsumori, 2010). Images on cave walls, canvas, paper, and more recently 2D
displays have been used to expose people to images simulating distance for many purposes from
simple entertainment to operating equipment remotely. Such images use various cues to simulate
distance such as size, perspective, and elevation. In Chapter 3, I tested whether people can use
visual size or position (i.e., distance below the horizon) of an object in a 2D scene to infer its
distance and demonstrated that people can infer the relative distances (distance between objects)
using their visual sizes or positions, but not their absolute distances (distance from the observer).
The results of that experiment showed that generally targets were made larger and higher in the
scene (closer to the horizon) than their correct size and position, which I interpreted as
participants perceiving the 2D scene as smaller than they were simulated to be (i.e., a miniature

world). Roscoe (1984) found that for a real-world scene presented on a display (a synchronized
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image) to be seen as the correct size it had to be magnified substantially and that such errors in
perceived scale influenced the observer’s perception of distance in such a space. Knowing the
correct eye height is important in computing angular declination relative to eye level (Ooi et al.,
2001) and any errors can significantly influence people’s estimate of both absolute distance and
the dimension of a room (Leyrer et al., 2011), or judging height of surfaces relative to their body
(Mark, 1987). When people view non-immersive displays, such as a scene on a computer screen
or a landscape painting or photograph, they generally cannot scale their eye level correctly
because the altitude of the horizon is indeterminate (Dixon et al., 2000). Will presenting an
object in a realistic, immersive scene enable people to correctly scale their eye level hence
correctly judge absolute distance of an object from its visual size and its position in the scene,

even in a 2D presentation?

4.2.1. Judging Distance in an Immersive Environment

The experiment in Chapter 3 was conducted online using each participant’s personal
computer monitors. Therefore, the screen size, eye height, and distance to the screen could not be
well controlled which would have made it difficult for participants to estimate their correct eye
height in the scene. A carefully designed lab setting using a correctly scaled 2D scene displayed
on a large screen with the horizon carefully aligned with their eye height while sitting should
give the observer better cues to scale their eye height correctly. When viewing a picture of a
scene, two distinct perception of space could occur: 1) the three-dimensional space presented in
the picture, and 2) the room that the observer is in which contains the picture of a scene (Gibson,
1954). Some participants’ responses in Chapter 3 showed evidence of failing to perceive the
scene as its own space, where the target was made to be the full size of the reference size as if it

were on the screen (i.e., at the same distance as the screen) rather than at a distance simulated in
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the scene. Using a full-scale projection of a scene on a wall in comparison to a scene on a
computer monitor, used in Chapter 3, should eliminate this conflict in their perceived space

giving observers a more accurate perception of space in the presented scene.

Additionally, human perception can be influenced by a person’s cognitive state of
thinking something is real or not real. Misperception of distance in a virtual environment is
reduced or can even disappear when participants are previously exposed to an identical real room
(Interrante et al., 2006). Similarly, in my study looking into people’s spatial updating in virtual
reality (Chapter 2), sitting in a real room identical to the virtual room used in the study, resulted
in observers producing smaller errors compared to when sitting in a room that was completely
different. A more realistic test environment, giving participants the feeling of looking at a real
object in a real hallway, may affect people’s interpretation of the visual stimuli at a higher
cognitive level (e.g., from their previous experience or memory) resulting in better distance

perception.

4.2.2. Task Dependent Effect of Distance Cues: Using Size or Position

There are many distance cues other than size and position that are important when
determining the distance of an object. Near-ground-surface (i.e., the ground from the feet to an
object) information is important in judging distance accurately (Wu et al., 2004). Familiar size
has also been found to affect both perceived size (Maltz et al., 2021; Park et al., 2021) and
distance (Fitzpatrick et al., 1982; Gogel & Mertens, 1967; Maltz et al., 2021; Park et al., 2021)
although it can also depend on the person’s strategies (Fitzpatrick et al., 1982) or the instructions
given by the experimenters (Higashiyama, 1984; Predebon, 1992). In theory, more distance
information provided in a scene should improve people’s accuracy in perceiving an object’s

distance. However, in Chapter 3 the presence of familiar objects in the scene (such as a bicycle),
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used to give a clearer idea of scale, affected the two tasks differently (Chapter 3): it improved
accuracy when moving an object to the correct position based on its visual size (Size-to-Position
task), but not when making the object the correct visual size based on its position (Position-to-
Size task). There is some evidence in the literature that distance information in the real-world
scene when displayed on a screen affects judgement of size but not the judgement of distance
(Meehan & Triggs, 1992). The distance cues added in a 2D scene may impact participants’ size
and distance perception differently which may be additional evidence that size and distance

perceptions use different mechanisms.

4.2.3. Judging Size and Distance in a 2D Scene Monocularly or Binocularly

When determining the size and distance of a familiar object, people tend to be affected by
the object’s known size in such a way that a typically larger object (e.g., a Rubik’s cube) is
perceived as larger and farther than a typically smaller object (e.g., a die) even when their
physical sizes and distances are matched, i.e., made to be the same physical size and placed at
the same distance (Maltz et al., 2021). This ‘familiar size effect” demonstrates that humans are
influenced by prior knowledge of an object’s typical size when judging its size and distance even
when their idea of an object’s size may not accurately represent its actual size. When people
view familiar objects monocularly the ‘familiar size effect’ is even stronger compared to viewing
it binocularly for perceived size, but not perceived distance (Maltz et al., 2021). This finding
suggests people are not affected as much by familiar size when judging distance as they are when
judging size when viewing an object monocularly, likely due to relying more on their memory of
the familiar object size than its visual size. When viewing a 2D scene, binocular cues provide
conflicting distance information (i.e., everything is at the same distance; no depth) from the

monocular cues and it would distract rather than help judging distance. Past study shows that



when monocular and binocular cues are in conflict, monocular cues contribute more to size
perception than binocular disparity (Yoo et al., 2023). People may be better at judging an
object’s size and distance in a 2D scene when viewing it monocularly than binocularly with

conflicting distance information.

4.2.4. Hypotheses

In this study, a representation of a 3D scene was presented in a 2D display where
binocular cues were not available to help determine target size or distance. I used a correctly
scaled 2D scene displayed on a large screen (projection on a wall, see Figure 1A) to give the
observer a better perception of scale and tested whether it improved people’s distance perception
in a 2D scene compared to the past study (Chapter 3). The scene provided additional distance
cues, except for the binocular cues, such as familiar objects (both as the target and as objects in
the environment), and ground information (real carpet from the observer’s feet to the wall, lined
up with the scene floor with identical pattern). With the rich distance information in the present

study, people should be more accurate at inferring an object’s absolute distance.

With a convincing semi-immersive set up of a 2D scene displayed on a large screen, I
hypothesized that (H5) people would more likely to experience looking at a real hallway scene
leading to more accurate inference of an object’s absolute distance (i.e., will adjust the target to
be closer to the correct size/position) compared to the results of my past study (Chapter 3).
Although I expect people to improve with the added ground surface information, the magnitude
of improvement may depend on the task. In the past study (Chapter 3), familiar-sized objects in
the scene helped in the Size-to-Position task, but not in the Position-to-Size task. I interpreted
that this difference between the tasks were due to the size and the distance judgements relying on

different visual cues, likely size judgement relies more on monocular cues in the 2D scene.
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Therefore, I hypothesized that (H6) people will again be less accurate in the Position-to-Size task
than in Size-to-Position task even with the additional distance cues in the present study such as

ground information (e.g., near-ground-surface and carpet pattern).

Past studies (reviewed above) suggest that monocular cues such as familiar size, impact
perceived size but not distance when viewing an object monocularly. The present study was
conducted on a 2D display of a scene and all the distance cues provided were monocular cues,
but the scene could still be viewed monocularly or binocularly. I hypothesize that (H7) people
will be more accurate when viewing monocularly at estimating an object’s absolute distance
from its visual size (Size-to-Position task) in a 2D scene than when viewing binocularly with
conflicting stereoscopic cues indicating everything as being at the same distance (that of the

screen), but not when estimating size from its position (Position-to-Size task).

4.3. General Methods
4.3.1. Materials and Methods

4.3.1.1. Apparatus.
The experiment was programmed using PsychoPy with Python language and ran on a Windows
10 computer, model Alienware 17 R4 with Intel® Core™ 17-7700HQ CPU @ 2.80 GHz, 16.0
gigabyte RAM, and NVIDIA GeForce GTX 1070 graphics card. The visual stimuli (images of a
cereal box in a hallway scene Figure 4.1A) were projected on a wall using a short-throw
projector, BenQ Digital Projector, model HT1085ST, Full HD 1080P. The scene was made using
Unity3D then a screenshot was taken looking into the hallway. Participants held a physical

family-size cereal box, identical to the target in the image (see Figure 4.2B and C), to compare to
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the visual target and they used a hand-held mouse (Figure 4.1B) to adjust target size or position

in the scene. An eye-patch (Figure 4.1C) was used for monocular viewing condition.

Figure 4.1: Test apparatus and setup. (A) Test room setup with a chair, chinrest, and a projector
presenting visual stimuli on the wall. Note the carpet in the room was continuous with the same-
patterned carpet in the image. (B) Hand-held mouse participants held on their right hand and
used to adjust target size/position. (C) Eye-patch used for the monocular viewing condition.

4.3.1.2. Stimuli.
A target, an image of a cereal box (Figure 4.2C), was displayed in a correctly scaled 2D scene of
a hallway (Figure 4.2A). The hallway, 2.205 m high and 1.245 m wide with a simulated length of
25 m, was projected on a wall, 2 m away from the participant’s eyes, to give the observer an
impression they were looking into a realistically sized hallway. Participants sat on a chair and
looked at the scene with their chin on a chinrest (1.1 m above the floor) to maintain their eye
level (Heye) at approximately 1.2 m above both the real and the simulated floor. They were

instructed to imagine they were sitting on a chair in a real hallway.
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(A) (B)

When you think the box s correct size, press any
mouse button to continue to the next trial

Hallway Scene

(©)

Cheerios

1 GRAM OF SUGAR
20z coanry

Figure 4.2: Test stimuli. (A) The hallway scene, projected on a wall, contained lockers on the
side walls, ceiling lights, a green board, and virtual carpet. There was a real carpet with identical
color and pattern on the ground in front of the projected scene made to be seen as continuing into
the hallway floor. (C) The target was an image of a family-size cereal box identical to the (B)
physical reference box held by participants during the experiment.

Participants held a physical cereal box (Figure 4.2B) as a reference during the experiment.
The box was 0.344 m in height, 0.241 m in width, and 0.076 m thick. They compared this
reference box to the target on the screen which was simulated to be the same size as the reference
box (Simulated size; Ssimuiarea) standing on the floor at a set distance (Simulated distance;

Dyimuiarea) away from the observer. The target’s size and its position projected on the screen

varied for each simulated distance as shown in Figure 4.3.
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Figure 4.3: Target distance simulated in a projection. A) A diagram of the geometry of a target
simulated to be at a set distance away from the observer presented in the projected scene. Ssimuiared
was the simulated target size, i.e., the size of the reference box, and Simuus 18 its size portrayed
on screen. Dgimulared 18 the simulated target distance and Dysimuius 18 its distance portrayed on screen.
Prase was the position of the target base on the screen simulating target distance, which was
portrayed as its base at a distance (Dpase) below the horizon. The horizon was at the observer’s
eye height (Heye), 1.€., the eye level. As shown in the equations, the target’s angular position, i.e.,
the declination of the target base from the eye level (O rase), and its angular visual size (0 visual size)
were identical for both the simulated and stimulus target. B) An example of the visual stimuli
projected on the wall simulating the target from A. The position on the screen was based on its
horizontal length where the full length was 1 with the middle position set to 0, i.e., +0.5 was the
top of the screen and -0.5 was the bottom of the screen. The horizon, i.e., the eye level, was at

0.015. The correct eye height was the distance between the horizon and the bottom of the screen
(0.515).

With a fixed screen distance (Dsimuius), the target size on the screen (Sstmuius) varies in
proportion to its simulated size (Ssimuiated) in accordance with its simulated distance (Dsimulated)
where Sstimuius becomes larger with shorter Ssimuiatea and smaller with longer Ssimuiatea. The
stimulus size (Ssimulated) can be represented as a scale factor (Sscaze), a ratio between the stimulus
size and the simulated size, which is equivalent to the ratio between the stimulus (i.e., distance to

the screen) and the simulated distance. See Figure 4.4 for details.



85

Horizon
YT U eSS o o o o o e o Em Em e Em EE Em o e Em
1.2m S — SStimulus —_ DStimulus (4 3)
scale S ~—D. AT
ﬂ I\ simulated simulated
> Ssl[mulus
Phase

7 e

¢ Ssimulated :

| |

> 2m
4m
8m
Dsimulated
B) 10 (0] 0
QX
s
A 0.8 <
@ <
N 3
2 o
ﬁ 0.6 e ,g
= IR~y S c =
EB g ¥
5 © 1 = o
a £ o4 . 2 S
s gx
) ! 2
S ! @
0 0.2 ! o
2 ' ©
3 0.0 [ = 14 :
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Simulated target distance- Dsimulated(m) Simulated target distance - Dsimulated (m)
D) 0.0 E)

Target base position below horizon

-Pbase (m)

-0.2

-0.4

0.6

-0.8

-1.0

12

-14

0.0

ey

0.2 0.4 0.6 0.8 1.0

Scale factor of stimulus size- Sscale (ratio)

Stimulus Size
Sscale=0.5

SimulatedTarget Size
Sscale=1

Stimulus Size
Sscale=1.5

Figure 4.4: Relationship between stimulus size (Ssimuius), target base position (Ppase), and
simulated distance (Dsimuaea) presented graphically. The target size on the screen can be
represented as a scale factor (Sscale) between the stimulus size (Ssimuius) and the simulated size
(Ssimutatea) Which 1s equivalent to the ratio between the stimulus distance (Dssimuius) and the
simulated distance (Dsimuiarea) as shown in Equation 4.3. A) Diagram of target stimuli displayed
on a screen 2 m away. Targets simulated to be at 4 m (green) and 8 m (orange) are shown as
examples. The plots represent the relationship between: B) stimulus size in scale factor (Sscale)
and simulated distance (Dsimuiared), C) target base position (Ppase) and simulated distance
(Dsimuiatea), and D) target base position (Ppase) and stimulus size in scale factor (Sscaie) as shown in
Equation 4.5. In all plots, the green point represents target simulated at 4 m, and the orange point
represents target simulated at 8 m. E) some examples of stimulus size (Syimuius) in relation to the
simulated size (Ssimularea) using the scale factor (Sscare) following the Equation 4.3. The simulated
target size is the same as the physical reference box size participants held during the experiment.



Similarly, the position of the target also varies in accordance with its simulated distance
(Dsimulazed) Where the target on screen moves farther below the horizon with shorter Dyinuiazes and
closer to the horizon with longer Dysimuiarea. Since the target was simulated to be on solid ground,
its position (Ppase) Was represented by how far the bottom of the target was below the horizon.

The distance to the target’s base below horizon in the scene (Dpase) Was computed with:

_ Dstimulus _
Dpase = Heye X —SUMUS  — Heye X Sgcqle covvnvvnmeneenninninnnnn. (4.4)

Dsimulated

Therefore, the target position (Ppase) Was:

Ppase = Prorizon — Dbase = Phorizon — (Heye X Sscate) oeeveereeineen 4.5)

which shows that stimulus size in scale factor (Syasi0) and target position (Prase) had an invariant

linear relationship when representing the distance of an object on the screen.

When looking at a real world scene, the horizon and eye height is aligned in the visual
field. When looking at a 2D scene (e.g., projected on a screen), however, the horizon
(represented with perspective lines and a vanishing point; see Figure 4.5A) may not align with
the eye height as shown in Figure 4.5B. For this reason, all participants had their chin on the chin
rest to keep their eye height aligned with the horizon in the 2D scene presented in the present
experimental set up. Figure 4.3B shows how positions on screen were measured and with the
horizon (Prorizon) in the scene set up to be at the eye height (H,. on screen was the distance
between the horizon and the bottom of the screen, i.e., the ground). Figure 4.4 shows the model
relationship between the target size in ratio (Syio), the position of the target base on screen
(Ppase), and its simulated distance (Dsimularea) graphically where the scene was presented on a wall

2 m away. In the present test setup, the relationship between Sscare and Ppase Was:

Pyase = 0.015 = (0.515 X Sqeqre) «vveeereermeerereeienerenen. (4.6)

86



87

B)

Eye height

1 _' \ﬁnishing

Pt

Eye height

Figure 4.5: Diagram of the horizon in a visual scene and eye height of the observers. A) The
horizon can be determined by using perspective as the perspective lines intersect at the vanishing
point which aligns with the horizon. In the real world, the horizon also aligns with the eye height
of the observer. B) The eye height of each observer can differ, and the horizon may not align
with their observer’s eye height when they look at a 2D scene if it is not set up to be aligned (e.g.,
in such a way my experiments were set up; see Figure 4.3).

4.3.1.3. Tasks.
There were two experimental tasks: Participants had to either adjust the target’s position
based on its size (Size-to-Position task) or adjust the target’s size based on its position (Position-

to-Size task).

4.3.1.3.1. The Size-to-Position task.

Participants viewed a target presented in the corridor scene sized (Ssimuius) to simulate
experimental distances (Dsimularea) While holding the reference box. Then they adjusted its
position up or down using the hand-held mouse until the target appeared to be at the simulated
distance for its visual size. The adjusted positions of the target on screen (Ppase) Were recorded.

Refer to Figure 4.3B for details on how the target position on the screen was measured.
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4.3.1.3.2. The Position-to-Size task.

Participants viewed a target presented in the corridor scene positioned (Ppase) to simulate
experimental distances (Dsimuiarea) While holding the reference box. Then they adjusted its size
using the hand-held mouse until the target appeared to be the same size as the reference box
standing at the simulated distance. The adjusted sizes (Ssimuns) Were recorded in scale factor
(Sscate) following the Equation 4.3. These recorded sizes were between 0 (target not visible) and 1
(full size of the simulated box, i.e., the reference box) depending on how big the participant
made the target on the projected screen, e.g., the recorded size was 0.5 if the participant made the
target half the size of the reference box. Refer to the Section 4.3.1.2 for the full size of the

physical reference box (i.e., size of 1).

4.3.14. Analysis.
A family-wise error rate of .05 was used for all analysis. For any ANOVA violating the
assumption of sphericity, I adjusted the degrees of freedom using the Huynh-Feldt correction as

the estimated epsilon (g) was generally less than .75.

4.4. Experiment 1
4.4.1. Materials and Methods

4.4.1.1. Overview.

Here I report the methods for experiment 1 which share some similarities to the previous
study that was done remotely conducted on people’s personal home computer screens (Chapter 3)
but with important differences. In this experiment, a target (a familiar cereal box) was presented
in a virtual 2D hallway scene at various positions and sizes. Using the method of adjustment,

participants adjusted target’s position based on its size or its size based on its position to make it
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appear to be the same size at a simulated distance as a physical reference box they were holding

in their hands.

4.4.1.2. Participants.
Forty undergraduate students (20 females and 20 males, average age 19.9 years, SD =
3.04) at York University were recruited via Undergraduate Research Participant Pool (URPP).
They had normal or corrected-to-normal vision. All participants signed a written informed
consent form and were given course credit for their participation. The experiments were

approved by the York University’s Ethics Review Board.

4.4.1.3. Experimental Conditions.

There were four experimental variables: task, task order, viewing conditions, and target
distances. The two tasks were Size-to-Position and Position-to-Size tasks and two possible task
orders which separated participants into two experimental groups, Size-to-Position-to-Size group
and Position-to-Size-to-Position group. Participants either started with the Size-to-Position task
followed by the Position-to-Size task, or with the Position-to-Size task followed by the Size-to-
Position task depending on which group they were in. Regardless of task order, participants’
responses from the 1% task were used to determine the target size/position for the 2" task. For
example, when the Position-to-Size task was done first, the response sizes to which the
participant set the targets were saved, averaged and used in the subsequent Size-to-Position task.
Therefore, participants first determined the size at the geometrically correct target positions and
then determined the position from those response sizes (Position-to-Size-to-Position). If people
could reliably compute target size from its position and vice versa, the final position in the 2™
task should be the same as the initial position regardless of the size they had set the target to in

the 1% task. The order was reversed for the other task order (Size-to-Position-to-Size).
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There were two viewing conditions, binocular and monocular. For the binocular viewing
condition, participants viewed the stimuli normally with both eyes. For the monocular viewing
condition, they wore an eye-patch (Figure 4.1C) on their left eye. Half the participants did the
experiment binocularly first then monocularly, the other half did the experiment monocularly
first then binocularly. The order of the viewing conditions was counterbalanced within each task

order group.

The experiment contained five simulated target distances: 4, 8, 12, 16, and 20m presented
on a screen (i.e., a wall) which were simulated using either the target’s visual size (for Size-to-
Position task) or its position (for Position-to-Size task) in the scene. See Section 4.3.1.2. for

details. The order of the target distances presented within each task block was randomized.

4.4.14. Procedure.

After participants signed the consent form, they sat on a chair in the test room (Figure
4.1A) with their chin on the chinrest and looked at the wall on which the visual stimuli were
projected. After reading the instructions, they held a hand-held mouse (Figure 4.1B) in their right
hand and the reference box (Figure 4.2B) with both hands. For each trial, participants fixated on
a fixation cross (no scene) for 1 second until the target was shown with the test scene. Then,
participants adjusted either the target position or its size depending on the task. They were
instructed to make the target appear to be the same size as the reference box “as accurately as
possible” at the distance it appears to be. After participants adjusted target to the position (Size-
to-Position task) or the size (Position-to-Size task) they thought was correct for its visual size or
position, they pressed a mouse button to record their response (Ppase Or Sseate respectively). The

experiment then proceeded to the next trial. The experiment comprised 30 trials (5 target



distances X 6 trials) in each block with total of four blocks (2 viewing conditions X 2 tasks). The

sequences are summarized in Figure 4.6.
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Figure 4.6: Experimental conditions and orders. Out of the 40 participants, 20 did the binocular
condition first followed by the monocular condition and the other 20 did the opposite. Within
each viewing condition order, 10 did the Size-to-Position task first then Position-to-Size task
(Size-to-Position-to-Size group) in each viewing condition and the other 10 did the opposite
order (Position-to-Size-to-Position group).

At the end of each viewing condition block, participants filled in a questionnaire (see
Appendix B for the questions) which asked about the mental workload they required to do the
task — NASA Task Load Index (Hart & Staveland, 1988) to evaluate whether participants it to be
more difficult to the tasks either monocularly or binocularly. They were also asked to write down

any strategies they used in an open answer format. The entire experiment lasted approximately 1

hour.

4.4.1.5. Data analysis.
There were two types of responses: response position (Ppase) from the Size-to-Position

task and response size (Sscare) from Position-to-Size task. Before conducting statistical testing,
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each participant’s responses were evaluated for any possible misunderstanding of the tasks and
irrational responses, i.¢e., target positioned above the horizon (Ppase > 0.015). I considered any
such responses as errors and removed them from the data set. This data cleaning process
removed 98 data points from the total data set (2.04%). As a result, one participant had to be
removed from the analysis due to having an incomplete data set leaving 39 participants for the

analysis.

Comparing the average responses (Ppase and Sscate) between conditions allowed me to
evaluate the effect of each experimental factor. To evaluate accuracy in participant responses, |
also compared the Sscare and Ppase against the geometrically correct size and position to evaluate
how accurately participants adjusted target size or position relative to the correct values for the
simulated distances (Dsimuiared) in €ach condition. If participants could accurately estimate a
target’s visual size from its position and its position from its visual size, then the size and the

position from participants’ responses should not differ from the correct values.

Because participant responses for the two tasks were from different paradigms, positions
(Prase) in the Size-to-Position task and sizes (Sscare) in Position-to-Size task, participant’s
perceived relationship between target size and position (see Figure 4.4D for details) were
evaluated from the intercept and slope between the stimuli and their responses in each condition.
The Ppase and Sseare from each task were fit with a linear model (Equation 4.5) to compute the
intercept and slope and compared them between conditions to evaluate the effect of each
experimental factor, and against the correct values (.015 for the horizon and 0.515 for the eye
height; see Figure 4.3). Using these intercepts and slopes to estimate participant’s perceived
horizon (Phorizon) On the screen and eye height (Hey.), | evaluated whether the participants

accurately judged the horizon in the scene and their eye height.
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4.4.2. Results

4.4.2.1. Effect of Viewing Condition.

I compared the average response positions (Ppase) and response size (Sscare) between task
orders (Size-to-Position-to-Size and Position-to-Size-to-Position) — to explore any order effect,
between viewing conditions (Monocular and Binocular conditions) — to evaluate whether
viewing the stimuli monocularly or binocularly impact participant performances, and across
simulated target distance (4, 8, 12, 16, and 20 m) — to verify they could recognize the

relationship between distance and visual size (Sscae) or the target’s position in the scene (Ppase)-

4.4.2.1.1. Comparing Response Position (Ppase) Between Conditions.

A mixed-design ANOVA comparing the average response positions (Ppase) from each
participant between the task order, viewing conditions, and simulated target distance revealed no
main effect of task order, F(1, 37) =2.074, p = .158, n* = .005, or viewing condition, F(1, 37)
=249, p = .621,n* <.001. There was a main effect of simulated target distance, F(1.244, 46.016)
=592.831, p <.001, n*> = .815, in which targets simulated to be further away (smaller Sscaze) Were
positioned closer to horizon compared to those simulated to be at closer distances (larger Sscaze).

No significant interaction between any of the conditions was found. See Figure 4.7A.

4.4.2.1.2. Comparing Response Sizes (Sscaie) Between Conditions.

A mixed-design ANOVA comparing the average response sizes (Sscaze) from each
participant between the task order, viewing conditions, and simulated target distance revealed no
main effect of task order, F(1, 37) =.175, p = .678, 1> = .001, or viewing condition, F(1, 37)

=932, p =341, 1> <.001. There was a main effect of simulated target distance, F(1.263, 46.713)

534.185, p <.001, n? = .698, where targets simulated to be further away (positioned closer to

the horizon) were made smaller in Si...e compared to those simulated to be at closer distances
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(positioned further below the horizon). No significant interaction between any of the conditions

was found. See Figure 4.7A.

4.4.2.1.3. Self-reported Mental Load between Viewing Conditions.

According to the NASA Task Load Index score interpretation (Prabaswari et al., 2019),
with equal weight for each question, doing the task required ‘Somewhat high’ mental workload
(scores between 30 and 49) in both viewing conditions on average. Comparing the scores using
an independent t-test between the viewing conditions showed that participant found doing the
task monocularly (M = 49, SD = 14) required more mental load compared to doing it binocularly

(M = 40, SD = 10), £(39) = 5.00, p < .001, with a Cohen’s d of .79.

4.4.2.2. Comparing participant responses to the geometrically correct
positions and sizes.

Because there was no statistical difference found in participants’ responses between the
viewing conditions and task orders, I averaged them between the viewing conditions and
combined the responses together between the two task order groups. I compared participant
responses to the geometrically correct positions and sizes for each simulated target distance to

evaluate how accurate they were at doing each task.

4.4.2.2.1. Size-to-Position Task.

The response positions (Prase) for each simulated target distance (4, 8, 12, 16, and 20 m)
condition were compared to the geometrically correct positions using one sample t-tests. The
analysis revealed no significant difference from the correct position for any of the simulated
target distance: 4 m (p = .734), 8 m (p = .457), 12 m (p = .210), 16m (p =.182), 20 m (p = .082).

The response data are plotted in Figure 4.7B.



4.4.2.2.2.

Position-to-Size Task.
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The response sizes (Sscate) for each simulated target distance (4, 8, 12, 16, and 20 m)

condition were compared to the geometrically correct sizes using one sample t-tests. The analysis

revealed that the response sizes were significantly larger than the correct size for all the

simulated target distance: 4 m (p =.003), 8 m (p <.001), 12 m (p <.001), 16m (p =.004), 20 m

(p = .004). The response data are plotted on Figure 4.7A.
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Figure 4.7: Exp 1 — Target size and position from each task. A) shows the response sizes and B)
shows the response positions compared to the geometrically correct values for each simulated
target distance. For each task, the response positions (Blue) and sizes (Red) are presented in box
plots (with medians). C) shows the relationship between the presented target positions and
response sizes and D) shows the relationship between the presented target sizes and response
positions. The dashed lines represent target sizes and positions with the correct geometry. The
light-colored lines are the average responses from each individual participant and the darker-
colored lines with white dots represent the mean of responses from all participants for each task,
where the dots are the means for each simulated target distance. For easier understanding of the
data, response positions (Prase) Were converted to the angular declination from the horizon (Gpase;
See Figure 4.3A).



4.4.2.3. Estimated Perceived Horizon and Eye Height.

The correlation coefficients (7) between the stimuli and responses were between -0.500
and -0.992 in the Position-to-Size task (see Figure 4.7C), and between -0.442 and -0.993 in the
Size-to-Position task (see Figure 4.7D) which showed moderate to strong correlation between
position and size (|r| > 0.4), except for 2 participants. Therefore, I estimated participants’
perceived horizon (Phorizon) and eye height (Heye) from the intercepts and slopes computed by
fitting the target sizes (Sscare) and positions (Prase) in each condition with a linear model (see

Section 4.4.1.5).

I compared the intercepts and slopes between viewing conditions (Monocular and
Binocular conditions) — to evaluate whether viewing the stimuli monocularly or binocularly
impact participant perception of the relationship between size and position, and tasks (Size-to-
Position task and Position-to-Size task) — to test whether participants’ perceived distances were
task dependent. The results from analyzing intercepts and slopes are shown in the following

sections and plotted in Figure 4.8.

4.4.2.3.1. Comparing Intercepts.

A mixed-design ANOVA comparing the average intercepts between viewing conditions,
and tasks revealed no main effect of viewing condition, F(1, 38) =2.499, p = .122, n2 =.025, but
there was a significant main effect of task, F(1, 38) = 4.442, p = .042, 1> = .046. No significant

interaction between the conditions was found.

When compared to the correct horizon position of .015 (see Figure 4.3), using one sample

t-tests, the intercepts for both Size-to-Position task (M = -.003, SD = .044), ¢38) =-2.558, p
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.015, Cohen’s d =-.410, and for Position-to-Size task (M =.003, SD = .033), #(38) = -2.340, p

.025, Cohen’s d = -.375, were significantly different from .015.

4.4.2.3.2. Comparing Slopes.

A mixed-design ANOVA comparing the average slopes between viewing conditions, and
tasks revealed no main effect of viewing condition, F(1, 38) = 1.929, p = .173, 1> = .021, or task,
F(1, 38) =0.096, p = 758, n* < .001. No significant interaction between the conditions was

found.

Compared to the correct eye height of 0.515 (see Figure 4.3), using one sample t-tests,
slopes for Size-to-Position task (M = .474, SD = .129) were not significantly different, #38) =
1.993, p =.053, Cohen’s d = .319, but the slopes for Position-to-Size task (M = .461, SD = .104)

were significant difference compared to 0.515, #(38) =3.271, p = .002, Cohen’s d = .524.

*
A) 0.2 f ! B) 0.00 |:| Position-to-Size Task
|:| Size-to-Position Task

0.1 -0.25 - == Correct Value
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Figure 4.8: Exp 1 — Intercepts and Slopes. A) Mean intercepts from participant responses
compared between tasks (Position-to-Size task and Size-to-Position task). These intercepts were
also compared to the correct horizon on screen (.015). B) Mean slopes from participant responses
compared between tasks. These slopes were also compared to the correct eye height on screen
(.515). The dashed lines are the correct intercept for A and the correct slope for B.
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4.4.3. Discussion of Experiment 1

These results show that participants accurately placed targets in the scene using their
visual sizes (Size-to-Position task) but made the targets too big when adjusting their sizes using
their positions (Position-to-Size task). There was no difference found between the task orders,
therefore these results appear to be strictly task-dependent. Considering that participants in my
past study (Chapter 3) could not accurately derive target size/position from their simulated
distance in any conditions, the visual stimuli and setup used in the present study seem to have

improved participant performance to some degree.

Figure 4.9 highlights the differences in participant performance between the past
(Chapter 3) and the present study. In the past study (Chapter 3), the target sizes were set bigger
on average in the Position-to-Size task and the positions were set higher on average (closer to the
eye level) in the Size-to-Position task compared to the correct values. They were also much
noisier and deviated further from the correct answers (dashed black line) compared to the present
study. I hypothesized that (HS) people would be more accurate at inferring an object’s absolute
distance with my semi-immersive 2D scene displayed on a large screen than on computer screens,
and the results from the present study in comparison to the past study (Chapter 3) seem to

support this hypothesis.
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Figure 4.9: Participants’ responses in the past and the present experiments. Target positions are
plotted as a function of target size. Top row is from the past experiment where the experiment
was conducted online on computer screens (Chapter 3); bottom row is from the present
experiment where the experiment was conducted in lab on a full-scale projection. Left column,
the Position-to-Size task first followed by the Size-to-Position; right column, the Size-to-Position
task first followed by the Position-to-Size task. The dashed black lines represent target sizes and
positions with the correct geometry. The solid light-colored lines are the average responses from
each individual participant and the darker-colored lines with white dots represent the mean of
responses from all participants for each task, where the dots are the means for each simulated
target: the Size-to-Position task (Blue) and the Position-to-Size task (Red).

Comparing the participants’ responses to the correct position and size showed that targets
were made too big in Position-to-Size task (Figure 4.7A), but they were placed at the correct
positions in Size-to-Position task (Figure 4.7B) which supports my hypothesis that (H6) people

would be less accurate in the Position-to-Size task than in Size-to-Position task. These results
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suggest that the additional distance cues, e.g., ground information, in the present study improved

participant performances in the Size-to-Position task more than in the Position-to-Size task.

My hypothesis that (H7) people would be more accurate in the Size-to-Position task
when doing the tasks monocularly compared to doing them binocularly was not supported by the
results as participant responses did not differ between the two viewing conditions in either task.
Interestingly, despite the fact that binocular vision could not help in any way in determining
depicted distance in a 2D scene and even provides conflicting information from the screen itself,
participants felt it required less mental load when doing the tasks binocularly compared to doing
them monocularly which may be because participants are not used to viewing an object with just

one eye.

4.4.3.1. Difference between the tasks.

There is some evidence in the literature that distance information impacts size and
distance perception differently (Meehan & Triggs, 1992; Yoo et al., 2023). The differences in
participant accuracy I report here between the tasks add further support to this idea. The
difference in the participants’ performance between the two tasks in both studies, the past study
with and without familiar size in the scene (Chapter 3) and the present study with various visual
distance cues in the 2D scene, may indicate that size and distance judgements are fundamentally
different tasks requiring different strategies and being vulnerable to different sources of error. In
the Size-to-Position task, participants first must judge the target’s size to estimate its distance
then move the target to the position in the scene accordingly. Therefore, it may be more
dependent on correctly judged size aided by additional distance information, such as familiar
object, displayed on screen as suggested by Meehan and Triggs (1992). In the Position-to-Size

task, however, some of these distance cues may not have been useful enough to judge target
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position (angular declination below eye level) and its distance correctly, resulting in participants

estimating the visual size for its distance erroneously. Where might this error come from?

4.4.3.1.1. Misperceived Size?

Errors in the Position-to-Size task may not be from misperceived distance but instead
may arise from misperceived size while re-sizing the target. If targets were perceived as smaller
than they actually were but perceived to be the correct size at the distances at which they were
simulated, participants would then have had to make them bigger for the target sizes to appear
accurate. However, if the error was from misperceived size instead of distance, then the targets in
the Size-to-Position task would have been perceived smaller as well and participants should have
placed targets further away (smaller angular declination from eye level). Instead, my participants
were accurate at placing targets in the scene based on their sizes and therefore it is unlikely the
errors in the Position-to-Size task were from misperceived size rather from misperceived

distance.

4.4.3.1.2. Misperceived Horizon and Eye Height?

The visual angle of an object increases as it gets closer to the observer. Setting the targets
as larger in the Position-to-Size task therefore suggests that they may have been perceiving the
target as closer than simulated. This is consistent with other studies where perceived distance has
generally been found to be compressed compared to the real distance (Gilinsky, 1951; Z. Li et al.,
2011; Stevens, 1957; Viguier et al., 2001). Estimating the horizon as too low results in
misjudging the angular declination below eye level toward the target base. Dixon and colleagues
(2000) suggested that the elevation of the horizon in a scene viewed on a non-immersive display
is indeterminate and can lead to incorrectly scaled eye level. The estimated perceived horizons

(intercepts; see Section 4.4.2.3) in the present experiment were indeed lower than the actual



simulated horizon height in the scene which may have led to the participants incorrectly scaling
their eye level. The perceived horizons differed significantly between the tasks where they were
judged as higher in the Position-to-Size task than in the Size-to-Position task. The estimated
perceived eye height (slopes; see Section 4.4.2.3) was also shorter than the correct eye height in
the Position-to-Size task, but not in the Size-to-Position task. These results may suggest
participants’ perceived horizon and eye height depended on the task, but this is unlikely as the
scene presented in this experiment was identical in all conditions. What is more likely is that
their perceived horizon and eye height in the scene influenced their responses differently in the

two tasks.

The perceived horizons and eye heights were estimated using Equation 4.5 which
assumes that participants recognized and used the linear relationship between target size and
position demonstrated in Figure 4.4. Although participant performances plotted in Figure 4.9
also appear to suggest a linear relationship, I only used five simulated distances between 4 m and
20 m with gaps of 4 m in between target distances. To further verify whether participants
estimated the elevation of horizon in the scene correctly and hence their eye level and their eye
height, I conducted experiment 2 using the full range (between 2 m and 25 m) with more

simulated distance within the hallway scene.

4.5. Experiment 2

Purpose of experiment 2 was to verify the intercepts and slopes computed in experiment
1 using more spread-out distances for my simulated targets. Whereas experiment 1 had used the
method of constant stimuli, here I used the continuous tracking method following the continuous
psychophysics paradigm Bonnen et al. (2015) introduced which potentially shows the

relationship between target size and the position on the screen better as this method utilizes the
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full length of the simulated hallway with more simulated distances than just the five distances
used in experiment 1. This method also allowed collecting more participant responses in a

shorter time.

I hypothesized that intercepts and slopes from continuous tracking would not differ from
those obtained using the method of adjustment which would verify that five simulated target
distances were sufficient for computing the linear relationship between target size and position
from fitting them to a linear model. I also hypothesized that there would be a difference in
intercepts between my two tasks as was revealed in experiment 1 (and in the experiment of
Chapter 3). When estimating the perceived horizon from the intercepts, the results of Experiment
2 were expected to further support the hypothesis that people use the horizon information

differently in the two tasks resulting in different participant performance.

4.5.1. Materials and Methods

4.5.1.1. Overview.

Here I report the methods for the experiment 2 using continuous tracking. Participants
also did the tasks using the previous method of adjustment (used in Experiment 1 and Chapter 3)
to verify whether the new method is compatible to the traditional method. Similar to in
experiment 1, participants again adjusted a target’s position based on its size, or its size based on
its position to make it appear to be the same size as a physical reference box they were holding in
their hands. However, in the method of continuous tracking the target size or position was
continuously changing whereas in the method of adjustment the target size or position were
constant while participants adjusted its position in the Size-to-Position task, or its size in the

Position-to-Size task.
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4.5.1.2. Participants.
Twenty-seven undergraduate students (17 females and 10 males, average age 21.9 years,
SD = 3.78) at York University were recruited via Undergraduate Research Participant Pool
(URPP). They had normal or corrected-to-normal vision. All participants signed a written
informed consent form and were given course credit for their participation. The experiments

were approved by the York University’s Ethics Review Board.

4.5.1.3. Experimental Conditions.

There were two experimental methods used, the Method of Adjustment and Continuous
Tracking. Because the continuous tracking method requires participants to be familiar with using
the hand-held mouse for their motor control to adjust target size or position, the method of
adjustment condition was conducted first followed by the continuous tracking condition.
Identical to the arrangement in experiment 1, there were two tasks, Position-to-Size task and

Size-to-Position task. See Section 4.3.1.3 for details.

4.5.1.3.1. Method of Adjustment.

Identical to experiment 1, the method of adjustment condition contained five simulated
target distances: 4 m, 8 m, 12 m, 16 m, and 20 m presented one at a time on a screen which were
simulated using either the target’s visual size (for Size-to-Position task) or its position (for
Position-to-Size task) in the scene. See Section 4.3.1.2 for details. Because I did not find any
order effect in experiment 1, the order of the tasks was always the Position-to-Size task followed
by the Size-to-Position task. The order of target distances presented within each task block was

randomized.
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4.5.1.3.2. Method of Continuous Tracking.

For the method of continuous tracking, target size or position was continuously changed
during each block (total of 10 blocks; 5 blocks of Size-to-Position task and 5 blocks of Position-
to-Size task). A block started with simulated target distances at 4 m, 8 m, 12 m, 16 m, or 20 m
and the target’s size or position changed in a random walk every 0.5 seconds such that the new
target size (Sscale) OF position (Prase) Was the previous value plus a value determined from a
normal distribution with a mean of 0 and a standard deviation of .0125 within a range of +.05 for
size (maximum change of ~10 % of the full size) and +.025 for position (maximum change of
~10% of the full range of the position). To prevent the target from not appearing to be on the
ground, or from going outside the screen, its position (Prase) Was limited to be between -0.024
(end of the hallway) and -0.5 (bottom of the screen). To prevent the target from becoming too
large, its size was also limited to be smaller than 1.5 (150 % of the reference box size). Each

block lasted for 1.5 minutes, and the order of the blocks was randomized.

4.5.1.4. Procedure.

After participants signed the consent form, they sat on a chair in the test room (Figure
4.1A) with their chin on the chinrest and looked at the wall on which the visual stimuli were
projected. After reading the instructions, they held a hand-held mouse (Figure 4.1B) in their right
hand and the reference box (Figure 4.2B) with both hands. They first did the experiment using
the method of adjustment, which started with the Position-to-Size task followed by the Size-to-
Position task. For each trial, participants fixated on a fixation cross for 1 second until the test
scene was shown with a target. In the Position-to-Size task participants adjusted the target size
depending on its position. When participant thought the target was the correct size, they pressed

a mouse button to record their response (Sscare). The experiment proceeded to the next trial until
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all 20 trials were complete, then was followed by the Position-to-Size task. In the Position-to-
Size task, participants adjusted the target position depending on its size. When participant
thought the target was at the correct position, they pressed a mouse button to record their
response (Prase). The experiment proceeded to the next trial until all 20 trials were complete. The

method of adjustment comprised of 40 trials (2 tasks x 5 target distance x 4 trials).

Participants then did the experiment using the method of continuous tracking. For each
block, they were presented with a target in the scene simulating one of five starting distances.
After 10 seconds, the target’s position or its size (depending on the task) started changing every
0.5 seconds. Participants had to continuously adjust the target size depending on its current
position (Size-to-Position task) or adjust its position depending on its current size (Position-to-
Size task) using the rollerball on the hand-held mouse to keep it the same size as the reference
block. Participant responses were recorded automatically at each frame (60 Hz). The continuous

tracking comprised 10 blocks (2 tasks x 5 starting distances) and each block was 1.5 minutes.

At the end of the experiment, participants filled in a questionnaire (see Appendix B for
the questions) which asked about the mental workload they required to do the task — NASA Task

Load Index (Hart & Staveland, 1988) to access how difficult participants thought the task was.

4.5.1.5. Data analysis.
Before the analysis, each participant’s responses were evaluated for any possible

misunderstanding of the tasks and irrational responses using the following criteria.

4.5.1.5.1. Post-test data cleaning.
For the method of adjustment, I considered any such responses as errors and removed
them from the data set. This data cleaning process removed 0 data points from the total data set

in experiment 2. However, one participant was removed from the data set for responding in the
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opposite way from the geometrically correct answers in one of the tasks, i.e., placing larger

target closer to the horizon and smaller target further away from the horizon.

For the continuous tracking method, I considered that the participant did not perform the
task properly if the time lag of highest correlation fell outside the interval between 0 and 3
seconds. Those blocks were removed from the data set resulting in 10 blocks from the total

blocks (3.85%). No participants were removed from this process.

4.5.1.5.2. Participant Response Analysis.

There were two experimental variables: experimental methods (Method of Adjustment vs.
Continuous Tracking) and task (Size-to-Position vs. Position-to-Size). I computed interceptions
and slopes for each condition using the same method as experiment 1, i.e., by fitting target size
(Sscate) and position (Ppase) into a linear model using Equation 4.5. I compared the average
intercepts and slopes between the experimental conditions to evaluate contribution of each of
these factors on participants’ perceived horizon in the scene and their eye height. I also compared
them against the correct values (0.15 for the horizon and 0.515 for the eye height) to evaluate

how accurately they could estimate where the horizon was and their eye height in the scene.

4.5.1.5.3. Cross-correlogram Analysis.

For continuous tracking, I employed a cross-correlogram analysis to estimate how fast
participants reacted to the changing stimulus size or position following a procedure from the
paper by Bonnen et al. (2015). Cross-correlogram analysis compares the correlations between the
stimulus and participants’ responses for different delays between the stimulus and responses.
From the analysis, I picked the time lag with the highest correlation as indicating how long
participants needed to adjust the target according to the stimulus (see Figure 4.10A). Taking

these lags (i.e., reaction times) from the continuous tracking task into account, participant
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responses were recorded as being delayed by the time lag with the highest correlation for each

block (see Figure 4.10B) to compute their responses to the stimulus size or position at the time.

Example from Participant 01, Position -to-Size task #3
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Figure 4.10: Example of cross-correlation analysis and participant responses. A) Cross-
correlogram from participant 01, Position-to-Size task block #3. The highest correlation between
correct target sizes, based on the target position presented, and participant response sizes was -
.784 (dashed horizontal line), which associated with the time lag of 1.117 (dashed vertical line).
B) The correct target sizes (in black) and participant responses (in blue) plotted over the course
of the block. The response sizes were delayed by 1.117 seconds (time lag with the highest
correlation computed from the cross-correlation analysis shown in A) were plotted (in red) to
show the participant’s performance with the reaction time considered. The delay in participant
responses is represented with dashed vertical lines (in light blue and light red).

4.5.2. Results

4.5.2.1. Evaluating Accuracy in Method of Adjustment Responses.

To verify participants responded in the same manner in experiment 2 as those in
experiment 1, before comparing them to the new method of continuous tracking, I evaluated their
accuracy with the same analysis conducted in experiment 1 comparing response sizes (Sscate) and

positions (Ppase) to the geometrically correct positions and sizes.
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4.5.2.1.1. Position-to-Size Task.

The average response sizes (Sscate) for simulated target distance condition 8 m was
compared to the geometrically correct positions using Wilcoxon signed-rank test due to violating
normality assumption (p = 0.041 in Shapiro-Wilk Test of Normality). The analysis revealed
significant different from the correct size for the target simulated to be at 8 m (p =.003). One
sample t-tests conducted for the rest of the simulated target distance conditions revealed
significant difference from the correct size for: 12 m (p =.004), 16 m (p =.003), and 20 m (p

=.002). The response size data are plotted in Figure 4.11A.

A repeated-measures ANOV A comparing the average response sizes (Sscae) between
simulated target distances (4, 8, 12, 16, and 20 m) revealed a significant main effect of simulated
target distance, F(1.204, 32.295) = 319.564, p < .001, n* = .925, where targets simulated to be
further away (positioned closer to the eye level) were made smaller in visual size compared to

those simulated to be closer (positioned further below the eye level).

4.5.2.1.2. Size-to-Position Task.

The average response positions (Ppase) for simulated target distance conditions 4, 8, 12,
and 16 m were compared to the geometrically correct positions using Wilcoxon signed-rank test
due to violating normality assumption (p < 0.05 in Shapiro-Wilk Test of Normality). The
analysis revealed significant difference from the correct position for the simulated target
distances: 4 m (p =.049), 8 m (p =.038), and 16 m (p =.019). A one sample t-test conducted for
the simulated target distance condition 20 m revealed no significant difference from the correct

position (p = .358). The response position data are plotted in Figure 4.11B.

A repeated-measures ANOVA comparing the average response positions (Ppase) from

between simulated target distances (4, 8, 12, 16, and 20 m) revealed a significant main effect of
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simulated distance, F(1.254, 32.606) = 126.486, p < .001, n*> = .829, in which targets simulated
to be further away (smaller visual size) were positioned closer to eye level compared to those

simulated to be closer (larger visual size).
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Figure 4.11: Exp 2 — Target size and position from each task. A) shows the response sizes and B)
shows the response positions compared to the geometrically correct values for each simulated
target distance. For each task, the response positions (Blue) and sizes (Red) are presented in box
plots (with medians). The dashed lines represent target sizes and positions with the correct
geometry. For easier understanding of the data, response positions (Ppase) Were converted to the
angular declination from the horizon (€pase; See Figure 4.3A).

4.5.2.2. Comparing Between Experimental Methods.

For each participant, the linear correlation (Pearson Correlation Coefficient; ) between
target size (Sscate) and position (Ppase) for each task was computed. Correlations for Method of
Adjustment were between -0.619 and -0.997 in the Size-to-Position task, -0.781 and -0.998 in the
Position-to-Size task. For Continuous Tracking, the correlations were between -0.771 and -0.982
in Size-to-Position task, -0.743 and -0.991 in Position-to-Size task. Since all the correlation
coefficients () showed strong correlation between position and size (|| > 0.5), I estimated
participants’ perceived horizon (Prorizon) and eye height (Heye) from intercepts and slopes from
fitting a linear model using Equation 4.5 with response sizes (Sscaie) and positions (Ppase) for each

condition (see Section 4.4.1.5).



4.5.2.2.1. Evaluating Intercepts.

A repeated-measures ANOVA comparing the average intercepts between test methods
and tasks revealed a significant main effect of experimental method, F(1, 25) = 11.372, p =.002,
1% = .204, where further evaluation revealed a significant simple effect of experimental method
in both the Position-to-Size task, #(25) =3.167, p =.004, Cohen’s d = .621 and the Size-to-
Position task, #(25) = 2.900, p = .008, Cohen’s d = .569. There was no main effect of task found,
F(1, 25)=1.953, p=.174, 1> = .014. = .008. See Figure 4.12A. No significant interaction

between test method and task was found.

Compared to the correct value of .015, the intercepts for the Size-to-Position task (M
=.008, SD = .019) did not significantly differ, #(25) =-1.921, p = .066, Cohen’s d =-.377.
However, they were significantly different for the Position-to-Size task (M = .001, SD = .015),
t(25) =-4.488, p <.001, Cohen’s d = -.880, in method of adjustment and for both Position-to-
Size task (M =-.010, SD =.019), #(25) =-6.869, p < .001, Cohen’s d =-1.347, and for Size-to-
Position task (M =-.009, SD = .024), t(25) =-5.229, p <.001, Cohen’s d = -1.347, in method of

continuous tracking.

4.5.2.2.2. Evaluating Slopes.

A repeated-measures ANOVA comparing the average slopes between test methods and
tasks revealed a significant main effect of test method, F(1, 25) = 7.959, p = .009, n* = .146,
where further evaluation revealed significant simple effect of experimental method in Size-to-
Position task, #25) =-2.927, p = .007, Cohen’s d = .160, but not in Position-to-Size task, #(25) =
-1.889, p =.071, Cohen’s d = .227. There was also a significant main effect of task, F(1, 25) =

4.370, p = .047, n? = .034, but further evaluation revealed no significant simple effect of task in
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either method of adjustment or continuous tracking conditions. See Figure 4.12B. No significant

interaction between test method and task was found.

Compared to the correct value of 0.515, the slopes for Size-to-Position task (M = .500,

SD = .140) did not significantly differ, #(25) = .550, p = .587, Cohen’s d = .108. However, they

were significantly different for Position-to-Size task (M = .451, SD =.116), #(25) =2.802, p

=.010, Cohen’s d = .550, in method of adjustment and for both Position-to-Size task (M = .409,

SD = .082), t(25) = 6.609, p <.001, Cohen’s d = 1.296, and for Size-to-Position task (M = .420,

SD = .068), #(25) = 7.193, p < .001, Cohen’s d = 1.411.
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Figure 4.12: Exp 2 - Intercepts and Slopes. The top row (A) shows the intercepts for Position-to-
Size task (pink) and Size-to-Position task (blue) compared to the correct horizon on screen

(0.015; see section 4.4.2.3). The bottom row (B) shows the slopes for Position-to-Size task (pink)
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and Size-to-Position task (blue) compared to the correct slope (0.515; see section 4.4.2.3). The
intercepts and slopes were also compared between the two experimental methods: the method of
adjustment and continuous tracking.

4.5.2.2.3. Comparing Correlations between Experimental Methods and Tasks.

To compare correlations in participant responses between conditions, they were
normalized using Fisher’s Z-transform (Fisher, 1915), transforming Pearson correlation
coefficient into Z-scores to allow hypothesis testing. A repeated-measures ANOVA comparing
the correlations between test methods and tasks revealed a significant main effect of
experimental method, F(1, 25) = 53.388, p <.001, n? = .442, but no effect of task, F(I, 25) =

1.142, p = 295, n? = .009. No significant interaction between test method and task was found.

4.5.2.3. Comparing Reaction Times from Continuous Tracking Method.

A paired sample t-test comparing the time lags from continuous tracking method with
highest correlation between tasks revealed no effect of task, #(25) = -.816, p = .422, Cohen’s d =
-.160. The mean time lag for Position-to-Size task was 0.83 seconds (SD = 0.34) and for Size-to-

Position task it was 0.76 seconds (SD = 0.34).

4.5.3. Discussion of Experiment 2

Before comparing the two methods, I evaluated participant responses measured using the
method of adjustment (using the same statistical analysis as in experiment 1) to verify that
participants in experiment 2 responded the same way as those in experiment 1. Participant
response sizes in Position-to-Size task were made too big compared to the correct sizes. The
positions in Size-to-Position task were placed too high compared to the correct positions for
shorter simulated distances (4 and 8 m) and too low for the further simulated distances (16 and
20 m), which was different from experiment 1 where the response positions did not differ from

the geometrically correct positions. Such results suggest that the participants in experiment 2
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judged the targets with larger visual angles (i.e., simulated to be at closer distances; Dsimuiated < 8
m) as further away and the targets with small visual angles (i.e., simulated to be at further

distances; Dsimuiatea > 12 m) as closer when using the method of adjustment.

I hypothesized that there would be no difference in intercepts and slopes, computed from
the stimuli and participants responses, between the experimental methods. The intercepts in
participant responses were lower when doing the task using continuous tracking compared to the
results obtained from the same participants with the method of adjustment. The slopes were
shallower when doing the task using continuous tracking compared to when using the method of
adjustment in the Position-to-Size task, but not in the Size-to-Position task. These results did not

support my first hypothesis.

My second hypothesis was also not supported as the results did not show evidence of
differences in the intercepts between tasks in either experimental method. When compared to the
geometrically correct horizon position on screen, the intercepts in participants responses were

too low in Position-to-Size task but not in Size-to-Position task when doing the task using
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method of adjustment. However, they were too low in both tasks when using continuous tracking.

Estimating the perceived horizon from the intercepts and the perceived eye height from the
slopes, why were participants’ perceived horizon and eye height dependent on the experimental
method (method of adjustment vs. continuous tracking) when the experimental set up and the

scene used were the same?

4.5.3.1. Difference Between the Two Experimental Methods.
The intercepts results aligned with the horizon being lower than the correct horizon by
~5.4 cm (~1.5°) with continuous tracking and lower by ~2.3 cm (~.7°) with method of

adjustment. The difference in corresponding slopes were even larger which aligned with the eye
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height being ~22.2 cm (~6.3°) shorter than the correct eye height with continuous tracking
compared to it being shorter by ~8.7 cm (~2.5°) with method of adjustment. These results
suggest that participants were less accurate at using the horizon and their own eye height when
doing the tasks using the continuous tracking than when using the method of adjustment.
Continuous psychophysics introduced by Bonnen et al. (2015) was originally designed to
measure and compare sensitivity to change of a stimulus in different conditions, such as change
in target position with different target widths or change in heading direction with difference
amount of optic flow (Jorges et al., 2024), using a rapidly changing stimulus. In the present
experiment, using this method, I evaluated the accuracy of participants responses comparing
them to the correct value. Could the use of the method of continuous tracking have led
participants judge the horizon in the scene and their eye height less accurately than the traditional

method of adjustment when doing the tasks?

Observer can misjudge their eye level when viewing a scene with an indeterminate
horizon (Dixon et al., 2000). Although the hallway scene I used in the present study provided
many visual cues that can be used to compute the correct elevation of horizon, the actual horizon
was still hidden by the end wall of my finite-length hallway. Using the method of adjustment,
participants had as much time as they needed to make the target appear correct for its visual size
or its position in the scene. In comparison, with continuous tracking method participants had to
continuously adjust target size or position for the target changing every 0.5 seconds which
required much quicker responses from them. The bottom of the wall at the end of the hallway in
the scene was ~5.3 cm (~1.5%) below the horizon on the screen which was very similar to the
perceived horizon deduced from the continuous tracking responses of ~5.4 cm (~1.5%) below the

correct horizon. Even when using the method of adjustment, participants thought the horizon was



lower by ~2.3 cm (~.7°) which further suggest their responses may have been influenced by the
end of the visible corridor. The average lag in participant responses using the mouse wheel was
approximately 0.8 seconds which was longer than the typical reaction time of approximately 0.5
seconds (reaction to sound; forced choice; finger press task) found in a past study (Klapp, 1995).
Motor reaction time increases with complexity of the task (Christina & Rose, 1985; Klapp, 1995)
and the longer reaction time found in the present study may have been due to more cognitive
load required to mentally computing target’s size/position to adjust it. The NASA Task Load
Index score with equal weight for each question, interpreted from the scale in Prabaswari et al.
(2019), the task required ‘High’ mental workload (M = 63, SD = 11.1) which was higher than the
average score found in experiment 1 (M =40, SD = 10). The quick responses required in the
method of continuous tracking (stimuli changed every 0.5 seconds) may have resulted in
participants relying more on what was more visually apparent in the scene, such as the bottom of
the wall at the end of the hallway, resulting in biased responses aligning an apparent ‘horizon’
with it.

Knowing the correct eye height requires the observer to know the correct eye level and
the distance to the ground plane. The intercept results suggest that participants misjudged the
horizon and could partially be explained by the shorter estimation of their eye height, but not to
the extent to the shortened perceived eye height suggested by the slope results. With the horizon
perceived to be ~5.4 cm (~1.5%) lower than the correct horizon and the eye height perceived to be
~22.2 cm (~6.3°) shorter than the correct eye height with continuous tracking, the difference
leaves about 16.8 cm unexplained by misjudged horizon. The horizon was lined up with
participants’ eye level, and if participants correctly perceived them to be aligned, the difference

between the perceived horizon and eye height can only be explained by the misperceived
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distance to the ground plane. Similar errors were found with method of adjustment, but they
were smaller at about 6.4 cm. People are quite accurate at judging their eye height standing in a
real corridor (Mark, 1987). In the present experiment, however, participants were seated during

the task, and they may not have been as accurate at judging their eye height seated.

Wu et al. (2008) suggested that space perception becomes less accurate when near-
ground-surface is ignored. To keep track of the rapidly changing target with continuous tracking,
participants would have had to fixate on the target all the time with no time to look around at
other visual cues in the scene. This may have resulted in a distorted perception of space, likely
perceived as compressed as has been shown in the past (Roscoe, 1984), thinking the ground was
closer to their eyes than it actually was. This line of thought however, cannot explain the
difference in the between tasks where the perceived eye heights were significantly different
between experimental methods only in the Size-to-Position task and not in the Position-to-Size

task (See Figure 4.12B).

4.5.3.2. Difference Between the Tasks.

The intercept and slope results from the Size-to-Position task aligned with the horizon
and eye height being perceived correctly when using the method of adjustment, but erroneous
(lower horizons and shorter eye heights) when using continuous tracking method. In the
Position-to-Size task, however, the results suggest horizons and eye heights were perceived
erroneously for both experimental methods. Comparing the time lags and correlations in their
responses to the changing stimuli using the method of continuous tracking, I found no difference
in their reaction time (time lags) or precision (correlations) between the tasks which suggest that
participants did not find one task more difficult than the other. Therefore, the difference in their

performance between the tasks must come from a different source.
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When looking at a vertical object on the floor, the ‘horizon ratio’, the ratio between the
visual height (size) and the distance below the horizon of the object (Sedgwick, 2021) can be
used to determine its relative size without estimating its absolute distance. Therefore, if elevation
of horizon in the scene was misperceived, the object size judged based on this ‘horizon ratio’
would also be erroneous. Ghasemi et al. (2023) also found that varying eye height affected
people’s perceived size: an artificially raised eye height in VR resulting in a larger
underestimation of size when sitting down compared to when standing. The present experiment
was conducted with participants sitting down which may have amplified the underestimation of
target size with larger errors in their perceived horizon using method of continuous tracking
compared to method of adjustment. The underestimated size would explain the targets placed
closer to the horizon (i.e., further away) in the Size-to-Position task hence resulting in shallower
slopes in their responses. The difference in slopes between the tasks here may indicate that
misperceiving the horizon impacted the perceived size of the target (not the eye height) in the
Size-to-Position task, but not the perceived distance obtained from the target position in the
scene in the Position-to-Size task. These results further support the idea that the two tasks rely on

different cues.

4.6. General Discussion

The absolute distance of an object can be determined using various sources of distance
information as reviewed in Chapter 1. The present study demonstrated that people may be quite
accurate at determining the size of objects, leading to them correctly judging their distance when
presented in a correctly scaled 2D scene with rich distance cues. To judge distance correctly
from the size, however, the size of the object must be correctly perceived first, which may be

influenced by various factors. Knowing the correct horizon position in the scene is important in
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judging relative sizes of objects on the floor as it is required to compute correct ratio between the
visual size of the object and its distance below the horizon (Sedgwick, 2021). This may be even
more important when people are sitting down as the impact of a misperceived horizon height can
amplify the errors in perceived size when viewing from a sitting down position (Ghasemi et al.,
2023). Errors in the perceived horizon seem to reduce when there was enough time to explore the
visual cues available, but horizon estimates could still be erroneous even with the correctly
scaled scene providing the correct geometry needed to compute the correct horizon height which
can lead to misperceived size and hence misperceived distance. When the real horizon is not
explicitly visible in a 2D scene, the perceived horizon location can be influenced by the implied
vanishing point and the boundary of the visible surface (Ozkan & Braunstein, 2010). A clearly
visible horizon in the scene may reduce these problems, but that is usually not the case even in

the real world where the horizon is often occluded by other objects such as trees or buildings.

Judging distance using the angular declination from eye level (equivalent to the horizon),
as in the Position-to-Size task in the present study, erroneously made the target appear too big
indicating that the target was judged to be closer than simulated. Misperceived horizon in a 2D
scene may have also contributed to the erroneous perception of absolute distance, but larger
errors in the perceived horizon in experiment 2 did not make their performance worse which
makes any link between the apparent position of the horizon and perceived absolute distance
inconclusive. Features used to improve people’s judgement of size and distance in the present
study such as large screen, easily discernable target sizes, familiar objects in the scene, and rich
ground plane information all seem to improve perception of size and distance, but they were still

not enough for them to infer absolute distances correctly from object positions in the 2D scene.
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Overall, the results show clear differences between the two tasks (Size-to-Position and
Position-to-Size) independent of the methodologies used to assess them. Results diverge in how
different sources of error impact them, further supporting the idea that size and distance
perception use separate brain mechanisms. However, it is still unclear how much weight each of
the contributing factors plays in human distance perception. Further studies are needed to

evaluate how each cue influence people’s size and distance perception differently.
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5.0. General Discussions

Judging the spatial relationship between the objects in the environment and oneself is a
necessary process for human navigation. Despite its importance in our daily lives people make
systematic errors, generally judging object positions as less eccentric than as shown in the past
studies (Kim, 2019; Prablanc et al., 1979; Vercher et al., 1994) and absolute distances as farther
for close objects (<4 m) and closer for far objects (>4 m) (Foley, 1980; Z. Li et al., 2011).
Furthermore, the egocentric position of these objects change following self-motion, and the
process of updating the object positions produces additional updating errors (Gutteling &
Medendorp, 2016; Kim, 2019; Klier et al., 2008). Investigating the source of these errors is
important for obtaining a better understanding of human spatial perception. The purpose of this
dissertation was to investigate the visual cues used in human visual spatial perception and
updating of the object positions and their sizes. See Section 1.4 for the brief overview of each

experimental chapter, their goals, and hypotheses.

5.1. Misperceived Self-motion Leads to Updating Errors

In Chapter 2, I confirmed that people make updating errors when keeping track of an
object following a visually-simulated passive lateral translation, without physical motion cues.
The updating errors were in the direction of the movement which indicated underestimated travel
distance. The errors increased with longer travel distance (H1 supported) suggesting that people
underestimated the extent (or speed) of their self-motion. What might be the source of this

underestimation?

5.1.1. Lack of physical motion cues
When moving, both visual and physical motion cues provide people with information

about their self-motion and integrating these different sensory inputs leads to more accurate
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gauging of their self-motion (Bayramova et al., 2021; Hlavacka et al., 1996). Comparing the
updating error results from Chapter 2 to the past study conducted using a MOOG motion
platform, where people made almost no updating errors following a lateral translation (Kim,
2019), demonstrated that physical motion cues provided by the motion platform resulted in more
accurate updating. These results suggest that the lack of physical motion cues in Chapter 2 is one
of the reasons for the misperceived travel distance, leading to updating errors. However, when
sitting on a motion platform, updating errors were reduced even when people are only visually
moved in VR (Kim, 2019), i.e., no physical motion involved, which suggest that lack of physical

motion cues may not be the only source of errors found in Chapter 2.

5.1.2. Possibility of Physical Motion

In my Masters thesis (Kim, 2019), I showed that people did not make updating errors
when they were passively moved while sitting on the MOOG motion platform whether the
motion platform moved (visual and physical cues) or not (visual cues only). In Chapter 2,
however, people made updating errors with the identical visual translation, i.e., without physical
cues, (H2 supported) which suggests that just sitting on a motion platform may have improved
people’s updating accuracy. Past study have shown that sitting on a chair that is known to be able
to rotate enhances the feeling of rotational vection compared to sitting on a fixed chair
(D’Amour et al., 2021). Therefore, it appears that the mere possibility of physical motion led to
more accurate perception of self-motion and reduced updating errors. These results suggest that
anticipating physical motion may make people more sensitive to motion cues, even just visual

cues, enhancing their perception of self-motion and hence resulting in better updating.
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5.2. Visual Cues Influencing Size and Distance Perception

People use various visual distance cues to determine distance and artists, whether on
canvases or on computer screens, implement some of these cues to give the viewers a perception
of distance on flat 2D surfaces. When judging distance of an object in a 2D scene, people rely on
monocular cues such as its visual size and position (i.e., elevation) in the scene. In Chapter 3, 1
showed that people cannot infer absolute distance of an object correctly from its size or position
when viewing it on small computer screens (H3 not supported), but Chapter 4 showed that they
can use the size of the object to determine its absolute distance when it is part of a correctly
scaled large display (HS5 supported). People could, however, successfully segregate objects into
different distances according to their size and position in both Chapter 3 and 4, which
demonstrates that they understand and use the geometrical relationship between objects’ visual
sizes and their positions in a 2D scene (detailed in Figure 4.4) to judge distance. Which visual
distance cues influenced people’s accuracy in judging an object’s absolute distance, resulting in

different performances in Chapter 3 and 4?

5.2.1. Familiar Objects in the Scene and Ground Information

Past studies have shown that familiar objects in the environment can help in judging the
size and distance of other objects (e.g., Park et al., 2021). However, having familiar objects in
the 2D scene in Chapter 3 only improved people’s distance perception when they were judging
an object’s distance from its size, not from its position (H4 only partially supported). Similarly,
in Chapter 4 where the scene contained familiar objects, people judged distance correctly when
judging an object’s distance from its size, but not from its position. To correctly infer an object’s

distance from its size, the size must first be correctly perceived. The results from Chapter 3
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suggest that familiar objects in the scene improved people’s size judgment leading to more

accurate distance judgement but did not help in judging the object’s position in the scene.

In Chapter 4, the ground in the 2D scene was lined up with a real carpet with the identical
pattern, in addition to familiar objects, providing the near-ground-surface (i.e., ground from the
observer to the target object) information. The improved accuracy in people’s performance in
Chapter 4 compared to Chapter 3, where the object was displayed on regular small computer
screens; i.e., with no near-ground information (HS supported), demonstrate that the ground
information helped judging absolute distance to an object as previously shown (Wu et al., 2004).
Although people were more accurate overall, they still made errors when judging distance from

an object’s position in the 2D scene.

If familiar objects only help in size judgement, as indicated in Chapter 3 results, the
Chapter 4 results suggest that ground information may have helped in judging both the size and
position of an object in the 2D scene or only the position. Because both familiar objects and
ground information were always available in Chapter 4, it is inconclusive which was the case and

further studies are needed to segregate the effect of these different cues.

5.2.2. The Horizon in the Scene and Eye-height

When looking at a scene, an observer uses perspective to judge the size and position of
the objects in the environment in relation to each other. The horizon, where the sky meets the
ground, is important element for perspective as when visible it aligns with the vanishing point
(see Figure 4.5A). The horizon also corresponds to eye level which aligns with the eye-height in
the real world and it has been shown that people are quite accurate at judging their own eye
height (Mark, 1987). When looking at a 2D scene in a picture, for example, the eye height of an

observer may not align with the depicted horizon (See Figure 4.5B) and past literature suggest
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that people generally cannot scale their perception of the picture to their eye level correctly when
viewing a non-immersive display (Dixon et al., 2000). People use the horizon as the reference to
determine the angular declination of an object relative to the eye level (Ooi et al., 2001), i.e., the
position of an object in a 2D scene used in Chapter 3 and 4. People also use ‘horizon ratio’, the
ratio between the visual height of the objects and its distance below the horizon, to determine
relative size between objects on the floor (Sedgwick, 2021). Therefore, gauging the correct

horizon is important in judging the size and position of an object in a 2D scene.

In Chapter 4, the horizon and eye height that correspond with the size and position results
(represented by the average intercepts and slopes computed by fitting the size and position with a
linear model; see Section 4.4.1.5 for details) differed between tasks (i.e., judging distance from
object size or from position). There are two possible explanations: 1) observers made different
errors when judging the location of horizon and their eye height in the scene, or 2) the misjudged
location of horizon and/or eye height influenced observer’s size/position judgement differently.
The 2D scene presented was identical for all experimental tasks and the horizon was aligned with
the observer’s eye height, therefore it is unlikely that horizon in the scene and the eye height
were perceived differently between tasks. What is more likely is that the misperceived horizon
influenced size and position judgement differently, resulting in different results in the two tasks.
Observers can determine the relative distance to objects and ignore other erroneous information
in a picture when the horizon is clearly defined (Gardner et al., 2010). In the scene used in
Chapter 4, the horizon was not explicitly visible to the observer as the hallway ended at ~25 m as
shown in Figure 4.5A. When horizon is not visible, location of horizon is determined by
combining the implied vanishing point and the boundary of the visible surface in the scene

(Ozkan & Braunstein, 2010). People may have confused the visible end of floor with the horizon
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and used that as reference instead of the true horizon that was slightly above this line and was not
visible. The height of the true horizon needed to be deduced from the geometry of the visible
features in the room such as the bottom of the walls and tops of the doors. Participants would
consequently have scaled the position of an object in the scene incorrectly, especially when they

had to make a speeded judgement in the continuous tracking task (Exp 2 in Chapter 4).

5.2.3. Judging Size and Distance may use Different Visual Cues

Past literature suggests that size and distance perception may be processed independently
(Haber & Levin, 2001; Kim, 2018; Mon-Williams & Tresilian, 1999; Ozkan & Braunstein,
2010). The visual cues included in the scene (e.g., familiar objects, ground information, and
possibly the horizon) in Chapter 3 and 4 influencing the two tasks differently imply that people
relied on different cues which may support this idea of independent processes. For example,
people can judge an object’s size using familiar objects in the scene as references without
determining its distance. Similarly, people can judge an object’s distance from the near-ground-
surface information, such as texture, without determining its size. However, some cues (e.g.,
ground information) seem to influence both size and distance judgement as suggested by the
Chapter 4 results. How much each cue is weighted for different tasks need to be further

investigated.

5.3. Immersive and Familiar Test Setting Improves Spatial Perception

In Chapter 2, I compared updating errors people made in VR while sitting on a fixed
chair in a lab to the errors made while sitting on a moving platform in a room identical to the VR
environment (i.e., the MOOG room) in the past study (Kim, 2019). The comparison revealed that
this difference in test setting influenced people’s updating accuracy where people make smaller

updating errors when tested in the MOOG room. I interpreted that this result was from more
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accurate self-motion perception due to enhanced vection from sitting on a chair that can move.
However, other spatial judgements may have also improved people’s updating such as distance

perception.

Experience of interacting with (Interrante et al., 2006) or even just seeing (Kelly et al.,
2018) a real-world environment can improve people’s judgement of distance in a matching VR
environment. In a past study (Kim, 2019) conducted in the MOOG room, people had to walk
through the real room and climb up onto the moving platform in order to participate in the
experiment. This process, when compared to sitting in a regular lab room in Chapter 2, could
have resulted in them being more familiar with the environment with better judgment of the
room’s spatial layout. In Chapter 4, when viewing an object in a scene while sitting in a semi-
immersive setting with a large screen, people were more accurate at judging distance from a 2D
scene than they were in Chapter 3 where they viewed the scene on a computer screen. Although
there were more visual distance cues available in the experiments described in Chapter 4 (i.e., the
ground information) than in those described in Chapter 3, the effect of viewing the scene on
computer screens cannot be ignored: past studies have shown, for example, that a real-world
scene is perceived as smaller when viewed on a screen (Roscoe, 1984). These results suggest that
more immersive and familiar test environment result in a more accurate perception of self-

motion and distance, leading to more accurate spatial perception.

5.4. Limitations and Future Directions

Although the results reported in Chapter 2 suggest that updating errors may be due to
underestimated self-motion due to insufficient motion cues, those experiments were limited to
using passive lateral motion. As introduced in Figure 1.5, people can rotate or translate in other

directions which all require updating when keeping track of their environment. Various past



128

studies have already shown that people make different errors when updating following different
self-motions (Gutteling & Medendorp, 2016; Klier et al., 2008; Riecke et al., 2005) for which
they utilize very different methods. To fully understand the human spatial updating process and
the factors that contribute to the errors people make, a series of studies with varying types of
movement using the identical method would be beneficial. For example, spatial updating
experiments conducted for fore/aft, up/down, and lateral translation using the same VR
environment would reveal whether the lack of physical motion cues influence people’s updating

different, or the same, amount for different movement directions.

While the results from the experiments explained in this dissertation provide evidence of
people making errors in judging their self-motion (in Chapter 2), horizon and eye height (in
Chapter 3 and 4), I did not measure these parameters directly. Rather, they were interpreted from
the misperceived object positions observed in the experiments. For example, the horizons and
eye heights were estimated by fitting the responses into a linear model (See Section 4.4.1.5).
Therefore, it is difficult to make a conclusive verdict as to whether people actually misjudged
them. Future studies measuring the perceived horizon and eye height judged by people when
they look at a 2D image of a scene would help in establishing clearer conclusion of these
findings, i.e., whether the errors found in Chapter 4 were from misperceived horizon/eye height

or from another source.

5.5. General Conclusions
Visual spatial perception is a complex process where people rely on different cues to
perceive and keep track of the surrounding environment for various purposes. This spatial

perception is especially important for people’s navigation because it allows them to effectively
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avoid or interact with the objects in the environment. Despite the importance, people make errors

where they judge the position of surrounding objects less eccentric and closer in distance.

During navigation, people move around the environment and as they move, the positions
of objects need to be updated accordingly if the person is going to be able interact with them
quickly using their updated position in their memory. In addition to the initially misperceived
objects positions, people also make updating errors when they move, which differ depending on
the type of movement and direction (i.e., rotation or translation — fore/aft, up/down, or lateral).
The updating errors following a lateral translation are partially produced by misperceived self-
motion and can be reduced with more motion cues (e.g., physical motion cues), or knowing that

physical motion is possible (e.g., sitting on a moving platform).

Misperceived absolute distance can also produce updating errors as the magnitude of the
change in an object’s position depends on its distance following a lateral translation. People’s
distance judgement improves with more visual distance cues available in the scene. When
binocular cues are not available, e.g., when viewing a 2D image of a scene on a surface, people
can use objects’ visual sizes and positions in the scene (i.e., distance below the horizon; see
Figure 3.1) to determine relative distances of the objects. However, people still sometimes make
errors in judging absolute distances depending on the visual cues available. For example,
familiar objects in the scene help in judging the size of the objects and can lead to correctly
judging their absolute distances, but it does not help in judging the correct position in the scene
resulting in errors even when the person is looking at the same scene when making those
judgements. Near-ground-surface (ground from the observer’s feet to the object) information, the

person’s familiarity and the immersiveness of the environment all improve people’s distance



perception, but in the experiments reported in this thesis, they were not effective enough for

people to correctly judge absolute distances.

Overall, different visual cues seem to affect people’s spatial perception differently, some

more effective than the others in certain situations (or tasks). More cues available improve

people’s judgment but people are also influenced by whether what they experience is real or not.

Further studies looking into the weight of each visual cue playing a role in people’s spatial

perception would be beneficial to understand people’s spatial perception ability more clearly.
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Appendix A

Table A.1: Ch 3 - Exp 1 — Repeated Measures ANOVA — comparing target sizes

Cases Sum of Squaresdf Mean SquareF p n?
Simulated Distance 1,796 14 90449 +130.3884<.00170.124
Residuals 1116 324 0.003

Order (initial vs. final) 2.997 1 2997 33.034 <.001 0.207
Residuals 7.348 81 0.091

Intended Distance T 196 24 20.024 26958 1< .00120.007
Order

Residuals 1.116 324 0.003

Note. Type III Sum of Squares

@ Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < .05).

Table A.2: Ch 3 - Exp 1 — Repeated Measures ANOVA — comparing target positions

Cases Sum of Squares df Mean Square F p n?
Simulated Distance 68699.343 a4 217174.836 2 143.443 2<.00120.639
Residuals 38793.319 324 119.732

Note. Type III Sum of Squares

a Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < .05).

Table A.3: Ch 3 - Exp 2 — Repeated Measures ANOV A — comparing target positions

Cases Sum of Squares df g/;e:‘;e p n?
Simulated Distance 149698.623 =4 237424.656 2385.8182<.00120.664
Residuals 19788.166 204 97.001

Order (initial vs. final) 2279.815 1 2279.815 6.582  0.013 0.010
Residuals 17665.312 51 346.379

Intended Distance T
Order

Residuals 18837.248 204 92.339

17324.548 a4 24331.137 246.905 2<.00120.077

Note. Type III Sum of Squares
= Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < .05).
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Table A.4: Ch 3 - Exp 2 — Repeated Measures ANOVA — comparing target sizes

Cases Sum of Squares df Mean Square F p n?
Intended Distance 2.390 a 4 20.597 @ 68.352 @<.001 20.573
Residuals 1.783 204 0.009

Note. Type III Sum of Squares

a Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < .05).

Table A.5: Ch 3 - Exp 3: Group 1 — Repeated Measures ANOVA — comparing target positions

Cases Squres 9 Square F P
Order (initial vs. final) 9757.387 1 9757.387 29.855 <.001 0.054
Residuals 13399.824 41 326.825

Simulated Distance ~ 118578.018 +4  229644.505 +422.3012<.00120.658
Residuals 11512.402 164 70.198

Intended Distance T 16533 517 44 24058379  +61.639 *<.00120.090
Order

Residuals 11512.402 164 70.198

Note. Type III Sum of Squares
2 Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p <.05).

Table A.6: Ch 3 - Exp 3: Group 1 — Repeated Measures ANOVA — comparing target sizes

Cases Sum of Squares df Mean Square F p n?
Simulated Distance 0.9762 42 0.2442 40.4872: <.0012 0.497
Residuals 0.988 164 0.006

Note. Type III Sum of Squares
@ Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < .05).
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Table A.7: Ch 3 - Exp 3: Group 2 — Repeated Measures ANOVA — comparing target sizes

Cases Sum of Squares df Mean Square F p n?

Order (initial vs. final) 2.018 I 2018 12.123 0.001 0.193
Residuals 6.826 41 0.166

Simulated Distance 0.696 a4 20.174 264.3292<.00120.067
Residuals 0.444 164 0.003

girrill:rlated Distance T 0.010 4 20002 10916 20.456 9.502¢ -4
Residuals 0.444 164 0.003

Note. Type III Sum of Squares
a Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < .05).

Table A.8: Ch 3 - Exp 3: Group 2 — Repeated Measures ANOVA — comparing target positions

Cases Sum of Squares df Mean Square F p n?
Intended Distance 46643.277 a4 211660.819  277.179 2<.001 20.653
Residuals 24778.311 164 151.087

Note. Type III Sum of Squares
a Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < .05).
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Appendix B
On each scale, write the number that best reflects your experience with the task.

Question 1

How much mental load was required for understanding and processing information (e.g. thinking,
deciding, calculating, remembering, looking, searching ...)? Was the task easy or demanding,
simple or complex, does it require high accuracy or is it fault-tolerant?

Mental requirements
1. Low ... 7. High

Question 2
How much physical activity was required (e.g. pulling, pressing, turning, controlling,
activating ...)? Was the task easy or difficult, easy or exhausting, restful or tedious?

Physical demands
1. Low ... 7. High

Question 3
How much time pressure did you feel in terms of the frequency or rhythm with which the tasks
or task elements occurred? Was the task slow and leisurely or fast and hectic?

Time requirement
1. Low ... 7. High

Question 4
In your opinion, how successfully have you achieved the goals set by the experimenter (or
yourself)? How satisfied were you with your performance in pursuing these goals?

Achievement
1. Good ... 7. Bad

Question 5
How hard did you have to work to achieve your level of task accomplishment?

Effort
1. Low ... 7. High

Question 6
How insecure, discouraged, irritated, stressed and upset (versus safe, confirmed, satisfied,
relaxed and satisfied with yourself) did you feel during the task?

Frustration
1. Low ... 7. High



