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Abstract

Multiple reference frames are used to interact with our surroundings. When
these reference frames are in conflict, processing errors can occur. For tactile
stimuli, this conflict is highlighted when the hands are crossed over the midline of
the body. In this posture, vibrotactile temporal order judgments (TOJs) presented to
the hands are impaired compared to an uncrossed posture. This decrease in
temporal processing is known as the crossed-hands deficit. The deficit was explored
in depth throughout this thesis. In Chapters 2, 3 and 4 different elements of the
crossed-hands deficit were evaluated including its connections to the rod and frame
test, individual and sex differences within the TOJ task, as well as the influence of
vision and body position. These elements were framed with underlying goal of
investigating the root cause of the deficit. The data presented here provided
evidence for a conflict model of crossed hands processing. A conflict between the
internal and external reference frames produced the deficit in temporal processing
when the hands were crossed. The role of the body’s midline in understanding
multisensory integration was further considered in Chapter 5 through the rubber
hand illusion, which is a visuotactile phenomenon whereby an unseen real hand is
mislocalized towards a seen rubber hand. When the real hand, rubber hand, or both
were crossed over the midline the illusion did not occur. It was hypothesized that a
failure to integrate the tactile information presented to the real hand with the visual

rubber hand was responsible for the absence of the illusion. Taken together, the
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data presented in this thesis contribute to the greater understanding of how
reference frame conflicts are resolved, particularly when the conflict occurs across

the body’s midline.
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1. Introduction

We view and interact with our environment in many ways. The different
perspectives we take influence how we relate to our surroundings. Take for example
preparing a meal with a friend. As chef, you must regularly ask your friend to hand
you the necessary items and ingredients. You can base your directions on either
your internal perspective or you can use their location with regards to the other
items on the counter. You can ask your friend to hand you the knife on your right or
the knife to the left of the salad bowl. Both refer to the same item but they rely on
different reference frames. The first makes use of the internal reference frame, in
which the observer is the center of the world; the second requires an external
reference frame, in which objects are references to each other and the position of
the observer plays no role. The goal of the present thesis is to assess how internal
and external reference frames influence behaviour. Specifically, it will address
situations in which the information provided by these frames of reference is in

conflict.

Conflict between an internal and an external reference frame is seen when
we cross our hands over the midline of our body. In this posture, our right hand is
on the left side of our body and our left hand is on the right. If we view our right
hand in this scenario from an internal perspective, it is still considered "right"—
crossing our right hand over the midline does not stop it from being our right hand.

However, if we view this situation from an external viewpoint, our right hand is now
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on the left side of visual space. Using external world coordinates, it would be
considered "left". In this crossed-hands position, the internal and external reference
frames are providing different information. This conflict of information can cause a

deficit in temporal processing.

1.1 Temporal Order Judgments and the Midline

Performance on tactile temporal order judgments (TO]Js) is significantly
impaired when observers place their hands in a crossed posture (Azafién & Soto-
Faraco 2007; Cadieux et al 2010; Craig & Belser 2006; Drew 1896; Heed et al., 2012;
Holmes et al 2006; Kobor et al 2006; Roberts & Humphreys 2008; Roder et al 2004;
Shore et al. 2002; Wada et al 2004; Wada et al,, 2012; Yamamoto & Kitazawa 2001).
Two main explanations have been proposed to address this crossed-hands deficit
(Yamamoto and Kitazawa 2001; Shore et al. 2002). Both explanations involve
transformation from an internal reference frame to an external one. Yamamoto and
Kitazawa (2001) attribute the deficit to a delay in processing time when a crossed-
hands posture is adopted. They propose that the hands must first be localized in
external space before temporal order can be determined. The final determination of
stimulus order is based on external coordinates only. In contrast, Shore et al. (2002)
propose that both reference frames remain active after the translation, but these
reference frames provide conflicting information when the hands are crossed. It is

this conflict between the reference frames that causes the deficit. The data
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presented here will provide further evidence for a conflict model as opposed to a

delay in the transfer of information from an internal to an external reference frame.

Temporal order judgments (TO]Js) allow for the assessment of temporal
processing. Several factors can influence our ability to judge temporal order. When
stimuli are presented to the hands, the physical distance between them affects
performance, with accuracy improving as distance between the hands is increased
(Shore et al. 2005). Shifting the perceived difference between the hands using
mirrors shows a similar effect (Gallace & Spence 2005). Performance on TOJs is
reduced in older adults (Craig et al., 2010), sleep deprived individuals (Babkoff et
al,, 2005), and dyslexics (Ben-Artzi et al, 2005). With dyslexia, the TOJ deficit
indicates that it is not a language-specific disorder but a general dysfunction in
temporal processing (cf. Farmer & Klein, 1995). In Chapters 2, 3, and 4, [ used TO]Js

as a tool for measuring temporal processing across the midline.

Vibrotactile TOJs are impaired when hands are crossed over the midline. This
deficit is not an all or none effect. An intermediate deficit can be produced when the
hands but not fingers or the fingers but not hands are crossed over the midline
(Heed et al., 2012). While the hands are most commonly studied, the deficit is not
unique to this area of the body; it has also been found in the feet (Schicke & Roder,
2006). The crossed-hands deficit provides us with a tool to study the role of the

midline in temporal processing and reference frame conflict.
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The crossed-hands deficit develops in childhood. Children younger than 5
years of age do not show the deficit (Pagel et al., 2009). Visual experience during the
early years of life appears to play a key role in its development. Only the
performance of late-blind but not congenitally blind individuals is hindered when
the hands are crossed over the midline. While the deficit is typically set after
childhood, it can be drastically reduced with training (Craig & Belser, 2006). The
malleability of the deficit may help to account for some of the individual differences

present in the crossed-hands deficit, which will be further explored in Chapter 2.

1.2 Crossing the Midline

Although accuracy is currently the most popular method to examine the
crossed-hands deficit, reactions times (RTs) are also an interesting avenue of
research (Nicoletti, Umilta, & Ladavas, 1984; Riggio, Gawryszewski, & Umilta, 1986).
During a choice RT task, RTs are increased when a crossed-hands posture is adopted
(Nicoletti, Umilta, & Ladavas, 1984). However, during a simple RT task where no
decision must be made to respond accurately, RTs are not increased in the crossed
position. This result provides some evidence for a conflict model of crossed-hands
effects. When both hands have to be taken into account, a reference frame conflict
occurs that does not happen during a simple one-hand RT task. When both hands
are crossed over the midline, the internal reference frame is not only in conflict with
external visual space, but also the hands with regards to themselves—the right hand

now lies to the left of the left hand and vice-versa. Crossing the hands over the
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midline allows for the examination of reference frame conflicts on many levels. In
the current thesis | will examine the importance of the midline using two tasks:

temporal order judgments and the rubber hand illusion.

1.3 Measures of Reference Frames

Although TOJs are an important tool in exploring reference frames and was
the main paradigm used in this thesis, other tasks can provide us with different
measures of reference frame interaction. Mental rotation, navigation and the rod
and frame test all require the use of multiple reference frames. Additionally, visual
space and the effects of gravity on our body can influence our perception of
reference frames, thus changing how they interact with one another. Examining
these tasks and effects can create a more complete picture of how reference frames

are measured.

1.3.1 Mental Rotation

Mental rotation typically requires an individual to rotate a three dimensional
object along one of its axes. As with the crossed-hands deficit, mental rotation tasks
provide insight into how we manipulate and manage reference frames. The basic
task is to determine, as quickly as possible, whether or not two objects are the
same—except for a rotation in space. Reaction time for correct responses increases

linearly with the angle of rotation (Shepard and Metzler, 1971). In other words, the



Ph.D. Thesis - Michelle L. Cadieux
McMaster University - Psychology, Neuroscience & Behaviour

greater the disparity in rotation between the two objects, the longer it takes to

resolve the rotation.

Two types of mental rotation are commonly used—block and body (hand). In
a block mental rotation task, observers are typically presented with two line
drawings of three-dimensional interconnected blocks. Block rotation utilizes the
external reference frame, in the sense that one object is rotated with regards to
another. Body rotation uses drawings of human bodies in different positions. It may
also sometimes use a single body with a dark circle placed either the right or left
hand. In this case, observers are required to indicate on which hand the target is
present. Body rotation uses a more body centered reference point for its completion
(Bonda et al., 1995), indicating that it taps into an internal reference frame.
Although the two bodies are still rotated with regards to each other, participants
tend to picture themselves as the body being rotated. Comparing these two types of
mental rotation can provide insight into how reference frames function together to

determine the orientation of objects in space.

1.3.2 Navigation

Navigation is possible using both the internal and external reference frame.
For example, if we are giving directions, we can base them on a traditional map
perspective (i.e., go east on Main Street) or we can base those directions on our own
view point (i.e., turn right on Main Street). These two descriptions convey the same

information, but rely on different reference frames: the first demands an external
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reference frame in which the actor plays no part in the world view, while the second
requires an internal reference frame in which the actor is the center of the world.
This same idea can be applied to walking towards a target. We can use both
locomotor information (internal) or visual information (external) to achieve our
goal. Both types of information provide us with the same level of precision and
when conflict occurs, an average is taken (Ellard and Shaughnessy, 2003). When
both sources provide accurate information, individuals show a preference for using
an internal or external representation (Gramann et al., 2005). However, switching to

the non-preferred frame has little consequence.

Environments are coded for navigation in different ways. Novel
environments are coded using an internal representation whereas familiar locations
are represented using an external reference frame (lachini et al., 2009). This shift in
coding can be seen with the different errors made during area learning. In novel
environments, errors are made with respect to the position of the observer.
However, in familiar locations errors occur between structures with reference to
each other. The initial body centered representation is used to form an external map

of one’s surroundings over time.

1.3.3 Rod and frame test

The rod and frame test (RFT; Witkin and Ash, 1948) examines reference
frame bias. The RFT can involve physically setting a rod to the subjective vertical or

indicating if a visual straight line is vertical or tilted, or to which direction it is tilted
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(left or right relative to gravity; e.g. Figure 2.4, Chapter 2). The rod or line is fixed
within a frame tilted about its centre. Observers are told to ignore the frame and
base their judgments on the position of the rod alone. The degree to which the frame
influences judgment of vertical is known to as the ‘frame effect’. This effect provides
an estimate of an individual’s visual dependence. When the line is set closer to the
direction of the frame, observers are considered to be more visually dependent
(Witkin et al., 1954). Those who are more visually dependent are more likely to use
visual cues to estimate both the perceived direction of vertical and their own body

position.

In Chapter 2, [ examined the connections between the RFT and the crossed-
hands deficit. The goals of this chapter were twofold. First, [ was interested in
possible correlations between these two tasks. Both tasks required the use of an
internal and external reference frame for accurate performance. During the crossed
hands phase of this experiment, participants were required to use external
coordinates for their responses. Information needed to be transferred from an
internal somatosensory representation of the tactile stimuli to an external reference
frame. Under these response demands, the internal and external reference frames
would provide opposing information. This conflict mirrors the reference frame
opposition seen in the RFT. Participants are required to ignore the visual tilted
frame and base their judgment of vertical on the upright position of their body and

gravity. It is this similarity that leads to the hypothesis that performance on the RFT
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could predict the size of the crossed-hands deficit. The second goal was to provide a
more in-depth examination of the crossed-hands deficit itself. Particularly the wide
range of individual differences present in a crossed-hands TO] task, as well as

possible sex effects within the task.

1.3.4 Visual space

Visual space plays an important role in the crossed-hands deficit. Crossed
performance can be improved with the sight of uncrossed rubber hands (Azanoén &
Soto-Faraco, 2007). Performance can also be improved by crossing the hands out of
sight behind the observer’s back (Kobor et al., 2006). In these cases, vision is a
defining factor. Both rubber hands and crossing behind the back shaped the

participant’s perception of their hands in external space.

The primary goal of Chapter 3 was to explore the effects of vision on the
crossed-hands deficit. The amount of visual information available to participants
was reduced through blindfolding. By restricting vision, the information provided
by the external reference should be degraded given that it is a primarily visual
frame of reference. Under these conditions, when the hands are crossed, the two
theories detailed earlier predict opposing outcomes. With a degraded external
frame, the time required to remap stimuli to that frame should increase. Based on
the hypothesis put forward by Yamamoto and Kitazawa (2001), the increase in
remapping time should result in the size of the deficit being increased as well. On

the other hand, according to Shore et al. (2002), degrading the external reference
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frame should reduce the size of the deficit. Under this framework, the reduced
reliability of the external frame should push observers to depend on the information
provided by the more stable internal reference fame. In response to this shift, the

conflict between the two frames of reference would be reduced.

1.3.5 Gravity

Two measures are used to evaluate which way is up: the subjective visual
vertical (SVV) and the perceptual upright (PU) (Dyde et al. 2006). The SVV
represents the influence by gravity on the perception of up. Like vision, gravity is
most closely tied to the external reference frame (Barnett-Cowan & Harris, 2008).
To assess this measure, observers are asked to judge when the orientation of a line
appears vertical and aligned with the perceived direction of gravity. On the other
hand, the PU is directly linked to the internal reference frame. It r