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General Introduction

Chapter 1

GENERAL INTRODUCTION
he present thesis describes four studies on visuomotor coupling, the
intriguingly complex way in which visual perception affects goal‐directed arm
movements. The studies focus on perceptual as well as motoric processes and as
such they try to bridge the gap between two traditionally separate domains of
psychonomic research, i.e. human perception and motor control. In the
successive chapters following this current introductory chapter the visuomotor
transformations under study become gradually more complex and at the same
time also more ecologically valid, i.e. more meaningful for everyday life
situations. The experimental paradigm in the first two studies (Chapters 2 and 3)
used a visual‐orientation illusion composed of 2D line drawings (the Rod and
Frame Illusion). The stimuli used in the experiment described in Chapter 4 are
2D pictures of 3D partly occluded objects and the stimuli used in the last
experimental study reported in Chapter 5 are actual 3D cylinders of varying
heights.
Apart from the increasing complexity of the visual input, the levels at
which we analysed the behavioural responses in the various experiments also
gradually become more complex. In Chapter 2, participants gave button press
responses, and we analysed the orientation errors in an orientation matching
task with a hand‐held cylinder, as was the task of Chapter 3, but there we looked
at the cylinder orientation in time. Chapter 4, describes analyses on the grip
aperture of mimicked grasping responses behind an occluder and Chapter 5
scrutinises the 3D kinematics of actual grasping movements. The theoretical
background of this thesis is described in the next section, before the
experimental studies are introduced in more detail in the last section of this
chapter,. Because these chapters are written as independent research papers,
some redundancy might occur throughout this thesis.

Theoretical Background
The overarching goal of our studies was to gain more insight into delicate,
time‐sensitive effects of higher‐order visual perception on goal‐directed arm
movements. In order to interact with the world around us, we have to make a
sensible representation of all types of sensory information that enter our brain.
The visual system is the predominant source of sensory input in healthy human
beings which enables us to quickly recognise different objects (cups, scissors,
pens) even when these are perceived from different angles, or when they are
partly hidden behind other objects. Even more striking is the fact that, despite
8
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the infinite number of possibilities there are to grasp these objects for further
use, humans are extremely proficient and fast in choosing, executing, and –if
necessary‐ adjusting a suitable movement plan. A fascination for the ways
humans use visual information for such skillfull reaching towards, and
interacting with, objects is the primary motivation for the studies reported in
this thesis. The secondary motivation relates to the increasing complexity of our
studies, which, in our view, complements the tendency of recent perceptuomotor
theories, models and studies to underrate the high degree of modularity of the
perceptual and motor system as such. We will now turn to two of these theories
that both capitalise on, in our view, rather limited ‘dichotomous views’ on
visuomotor coupling. After having described these theories, we will elaborate on
higher‐order visual perception processing and limb‐segment control of targeted
arm movements, both at a level of detail usually not addressed in the
mainstream visuomotor studies that we will refer to.

Processing visual input
Attention draws the eyes to focus on a target after which an image of the
target and its surroundings is formed on the retina. From the retina, information
is transferred via the Lateral Geniculate Nuclei to the occipital areas (V1) and
further (V2, V3 etc.), where visual processing becomes divided among temporal
and parietal areas (see Figure 1.1).
Many interconnections between the areas that follow after V1 enable
parallel processing of different visual features. According to the two‐visual‐
streams hypothesis (Milner & Goodale, 1995; 2000), this anatomical split has
both functional and temporal consequences. On the one hand it is considered to
correspond to the processing of extrinsic, spatial stimulus attributes like
location, processed by the dorsal visual stream versus intrisic stimulus attributes
like shape and colour which are processed by the ventral visual stream, or
“what” versus “how” (Milner & Goodale, 1995; Pisella, Arzi & Rossetti, 1998;
Rossetti et al., 2000). The arguments for the temporal dissociation originate from
primate research. Nowak and Bulier (1997) found that parietal areas of the
dorsal stream projecting onto the premotor cortex exhibit particularly short
latencies (about 40‐80 ms), whereas temporal areas had latencies of about 100
to 150 ms.
At lower levels (i.e. at an early stage on the pathway through the brain)
simple features are processed much more independently, whereas integration of
these independent features that is needed for recognition and interpretation of
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incomplete shapes, 3D contours, context‐induced visual illusions etc. take place
at higher levels.
Support for the dorsal‐ventral dichotomy is found by studying patients
with lesions in specific parts of the dorsal (optic ataxia) and ventral streams
(visual agnosia). Patients with optic ataxia have difficulties in executing goal‐
directed actions although they are not impaired in the recognition of these
objects. On the other hand, a patient (DF) with visual agnosia was unable to
recognise spatial object properties like size, shape and orientation, but she was
well able to pick up those objects (Milner et al., 1991; Milner & Goodale, 1995;
Goodale & Milner, 2004).

Figure 1.1: Visual areas of the human cortex. From the primary visual cortex, visual
information separates into two major pathways: the ventral route via the inferior
regions of the temporal lobe and the dorsal route that goes via the parietal lobe to the
frontal areas (From: Kandel, Schwartz & Jessel, 1991).

Based on the distinction between these two visual streams that are
specialised in processing of different types of visual information, and the
reported effects of specific lesions in the dorsal or ventral streams, there are two
dominant models that explain the different ways in which vision is used for
action. Originally it was thought that the dorsal stream was purely involved in
visual information processing for action while the ventral stream processed
visual information for recognition and higher order processes (Aglioti et al.,
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1995; Milner & Goodale, 1995). This distinction between one pathway through
the brain for perception and another one for action was supported by studies
that found effects of visual illusions on perceptual responses, but no (or smaller)
illusion effects on motoric responses. A related explanation for this anatomical
distinction was the Planning‐ Control Model (Glover & Dixon, 2001; Glover,
2004), which states that the ventral visual stream is used for the planning of
responses, and that the dorsal visual stream is used for quick adjustments during
the response. Therefore, effects of a biased planning would be reflected early in
the response whereas effects of a bias in the dorsal stream would be reflected in
failure to make online corrections. In an experiment in which participants had to
grasp a bar that was positioned on a grated background, their hand orientation
was affected by the grating orientation early on in the response, but towards the
end this effect on hand orientation disappeared (Glover & Dixon, 2001). Online
control effects have also been observed when not a visual, but a semantic context
biased the way the target was perceived. After reading the name of a small fruit
(e.g. ‘grape’) before grasping a target block, interference occurred also only in
the early phases of the grasping responses (Glover, Rosenbaum, Graham & Dixon,
2004). It could be argued that such online corrections are necessary to perform
such a grasping task correctly. And that therefore a bias in movement execution
by definition needs to be solved by the end of the response.
It should be noted that the numerous nervous connections between the
two visual streams allow some deviations from these ‘strong’ dichotomies.
Because experimental data that don’t seem to support one of the models can
easily be explained by these interconnections, Rosetti et al., (2000) suggested
that two gradients of sensory input and motor processing would better reflect
the true complexity of visuomotor processing than dichotomies do: the first
gradient is concerned with the stimulus processing time. As far as time is
concernd, dorsal stimulus attributes are processed faster than ventral attributes
and unconscious motor corrections are processed faster than higher‐level
responses like conditional motor responses in reaction to verbal descriptions.
Another continuum seems to exist within the visuomotor system itself, i.e.
between parietal areas responsible for space‐based action, and those responsible
for object based action.
The idea of two visual streams for separate perceptual and action
processes is heavily debated (see for example: Franz, Gegenfurtner, Bülthoff &
Fahle, 2000; Carey, 2001; Franz 2001; Smeets, Brenner, deGrave & Cuijpers,
2002; Smeets & Brenner, 2006). An alternative model that doesn’t presuppose
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two separate visual streams is suggested by Franz et al., (Franz et al., 2000;
Franz, Fahle, Bülthoff & Gegenfurtner, 2001; Franz, 2003) in the so‐called
Common Representation Model, which argues against Milner and Goodale’s
views and claims that vision for perception and vision for action share a common
representational basis. According to this view, one wouldn’t expect different
effects of visual illusions in perceptual and motor tasks which is supported by
studies that have demonstrated size‐contrast illusions in both visual and motor
tasks (Pavani et al., 1999; Franz et al., 2000; Franz et al., 2001; Franz, 2003).
Smeets and colleagues (see for example: Smeets et al., 2002) argue that whether
a response is biased by a visual illusion does not so much depend on whether it
is a perceptual or a motoric task, or the possibility of online control, but merely
on the type of visual (spatial) information that is needed to execute the task
correctly. De Grave, Brenner and Smeets (2004) also showed that illusion effects
on actions are dependent on the way the spatial information that is necessary for
the task is coded.

Acting on visual illusions
A lot of research in this domain that focussed on the ways visual
information is used for action (including two studies described in chapters 2 and
3 of the present thesis) has used visual illusions as a way to study aspects of the
visuomotor system.
A visual illusion reflects ‐by definition‐ a bias of the perceptual system,
which can –but not necessarily‐ affect the motor system. Therefore visual
illusions are a good tool to study the interaction between visual and motoric
processes. The susceptibility of the motor system to a visual illusion that affects a
specific physical feature of the stimulus (i.e. size, length, orientation) gives us
information about the visual representation that is used for that specific motor
task.
In the studies that used visual illusions as stimuli, participants were
generally asked to perform a specific motor response based on such a visually
biased stimulus. In the majority of these studies participants were asked to make
pointing (Donkelaar, 1999; Fischer, 2001) or grasping responses (Aglioti et al.,
1995; Franz et al., 2000; Jackson & Shaw, 2000; Franz et al., 2001) in the context
of size‐contrast illusions like the Ebbinghaus illusion (De Grave et al., 2004;
Heath, Rival & Binsted, 2004), the Brentano‐ or Müller‐Lyer Illusion (Donkelaar,
1999; Jackson & Shaw, 2000; De Grave et al., 2004) or the Ponzo Illusion (Beh,
Wenderoth & Purcell, 1971). Many of those visual illusions that are induced by
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biasing context information such as the Ebbinghaus illusion (Aglioti, Desouza &
Goodale, 1995; Fischer, 2001) (see Figure 1.2) but also the the Rod and Frame
Illusion (RFI) (Asch & Witkin, 1948; Wenderoth, 1974; Lommertzen, Van Zuijlen,
Meulenbroek & Van Lier, in press) (see Figure 1.3), are thought to originate from
higher levels in the brain when the different components of the visual scene are
interpreted.

Figure 1.2: The Ebbinghaus Illusion: The two central circles are the same size, although
the left one looks larger because of the smaller circles around it (From: Palmer, 1999).

Figure 1.3: The Rod‐and‐Frame Illusion, shown with a counterclockwise and clockwise
oriented frame. The tilted frame induces a misperception of the orientation of the central
line it surrounds.

Usually, pointing or aperture errors were used as critical performance
indices in these studies. From these studies we can learn about which aspects of
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visual stimuli are necessary (and thus used) to perform a specific motoric
response, and which aspects of visual stimuli are irrelevant to a specific task.
Two studies described in Chapters 2 and 3 of this thesis also used a visual
illusion (the Rod and Frame Illusion, see Figure 1.3) to look at the effects of an
orientation bias induced by a tilted frame on different types of perceptuomotor
responses and on the timing of prehension responses.

Perceiving and acting on partly occluded objects
Visual illusions are often caused by spatial context effects. In everyday life
the objects we act on are generally surrounded by a context of other objects. In
fact, we even act on objects that are not even fully visible because of our
viewpoint or because they are partly occluded by other objects. We focus on this
in Chapter 4. Objects protruding from behind an occluder are interpreted as
complete shapes when their contours are relatable (e.g. Kellman & Shipley,
1991) and their volumes are mergeable (Tse, 1999). This so‐called amodal
completion process takes multiple steps and starts with a representation of the
visible object features early in the visual cortex and ends with a representation
of a completed shape in higher visual areas (Murray, Imber, Javitt & Foxe, 2006;
Weigelt, Singer & Muckli, 2007). Some interpretations of a partly occluded shape
are more likely than others, and different completion strategies lead to different
stimulus interpretations (Sekuler, 1994; Sekuler, Palmer & Flynn, 1994; Van Lier,
Leeuwenberg & Van der Helm, 1995a; Van Lier, van der Helm & Leeuwenberg,
1995b; De Wit & Van Lier, 2002; De Wit et al., 2006). Whereas global
completions take into account various overall characteristics of the whole object,
like symmetries and repetitions (Van Lier, Van der Helm & Leeuwenberg, 1994;
De Wit & Van Lier, 2002; De Wit et al., 2006), local completions are derived from
contour information that is available at or near the points of occlusion. In
particular, local completions are generally formed by a linear or curvilinear
continuation of the partly occluded contour behind the occluder (e.g. Kellman &
Shipley, 1991; Wouterlood & Boselie, 1992; Fantoni & Gerbino, 2003; Singh &
Fulvio, 2005). Van Lier et al., (1995a; 1995b) have argued that the preference for
global or local completion results from a competition between interpretations.

Movement execution
After having determined and recognised the visual target, the response
still needs to be executed. Motor commands are sent from the motor cortex via
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the spinal cord to the muscles. Continuous proprioceptive and visual feedback is
used to adjust the postures and forces that are applied. For example when one
wants to pick up a delicate glass, proprioceptive feedback from the hand joints
and tactile feedback from the cutaneous receptors in the fingertips enable
precise tuning of the forces applied to grasp and hold the glass without breaking
it. The characteristics of proprioceptive and tactile feedback loops and their
important role in human object manipulation are beyond the scope of this thesis,
but the idea is basically the same as for visual feedback loops. Multimodal
information processes, each modality with its own acuity and processing speed,
somehow together determine the behavioural response targeted at objects in our
environment.
To plan a goal‐directed displacement of the upper limb, for example, in
order to grasp something, the motor system needs to take into account task
constraints, anatomical constraints and constraints in the environment (Newell,
1986). Task constraints include the location and position of the target, the shape
of the target, and thereby the possibilities to safely grasp the target (you want to
avoid grasping a knife at its blade), but also the next step in a sequence of
movements – what do you want to do after the target is grasped? If you pick up a
sharp knife in order to cut a cake, grasping it at the handle would be the safest,
and best option, but if you pick up the knife in order to hand it to someone else
who volunteered cutting the cake, it might be politest to grasp it with caution at
the blade, such that you can safely hand it over. Anatomical constraints include:
the initial configuration of the limb, the position and orientation of the target
posture, and what postures and joint angles are possible, comfortable, and safe?
Environmental constraints, finally, are, for example, the presence of obstacles. In
order to plan a goal‐directed displacement of the upper limb, the motor system
needs to ‘know’ at least the initial configuration of the limb, the position and
orientation of the target posture, and in case one wants to grasp an object, also
information about that object’s shape, size, weight and even fragility is taken into
account.
The upper limb is a very flexible system, with three degrees of freedom in
the shoulder, one in the elbow, another three in the wrist and several more in the
hand. Because there are only six degrees of freedom required to define the
location (x, y, z) and orientation (rotations around x, y, and z) in Cartesian space,
the upper limb is overdetermined, which makes it difficult to describe
computationally. This excess of degrees of freedom provides the flexibility to
choose the most efficient movement plan required to avoid postures that are
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uncomfortable or harmful, and to smoothly adjust the movement path in order to
circumvent obstacles and to avoid colliding with the target before it is grasped.
Circumventing obstacles occurs by planning a movement through a ‘via point’
(Edelman & Flash, 1987), or through a ‘via posture’ (e.g. Rosenbaum,
Meulenbroek & Vaughan, 2001). In some studies that focussed on reach‐to‐grasp
movements in the presence of potential obstacles (Meegan & Tipper, 1998;
Kritikos, Bennett, Dunai & Castiello, 2000), it was observed that the hand
trajectory veered away from intermediate distractors. This was regarded as an
interference effect related to the inhibition of a planned movement towards the
distractor. Meulenbroek et al., (2001), however, emphasised, that in order to
avoid collisions with intermediate objects while grasping a target object, moving
around the obstacle requires a biphasic component. When this component is
superimposed on the default movement plan it ensures that the obstacle is
avoided with an acceptable spatial tolerance zone when the hand moves to the
target (see also: Vaughan, Rosenbaum & Meulenbroek, 2001). The posture‐based
motion planning theory by Rosenbaum et al. (2001), also states that aperture
overshoots and other biphasic components of the movement pattern are due to
such collision avoidance strategies.

Outline of thesis
This thesis describes four studies performed to gain a better insight in the
interactions between visual input and goal‐directed actions based on this visual
input. Different types of visual information are processed at different levels in
the brain, and different tasks require and use different sources of (visual)
information. The subsequent chapters focus on different tasks that used visual
information with increasing complexity and a range of visuomotor responses.
Chapter 2 focuses on the extent to which the Rod and Frame Illusion (RFI; see
Figure 1.3) elicits task‐dependent effects. In the three different experiments that
are described, participants were asked to perform different visuomotor
responses with a 1000‐ms delay to an RFI with varying rod‐ and frame
orientations. Participants had to either (1) match the orientation of the rod by
rotating a line on a computer screen through a series of keypresses, or (2) make
a perceptual judgement in a forced‐choice paradigm, or (3) rotate and propel a
hand‐held cylinder into the same orientation as the orientation of the rod from
the RFI stimulus that was shown before. Irrespective of the type and duration of
the response, the effects of the RFI proved robust and constant. When the frame
orientation deviated from the vertical, a reproduction error occurred in the
direction opposite to the direction of the frame tilt. In contrast, the perceived
16
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orientation of the stimulus rod was exaggerated relative to the vertical, i.e.
reproduction errors were in the direction of the rod tilt. The data described in
this chapter support the view that, when participants have to respond to a
specific visual aspect (i.e. the rod orientation) a bias that is induced by an
irrelevant context (i.e. the frame orientation) can be detected in responses that
vary in complexity from simple button‐press responses, to propelling a hand‐
held cylinder in 3D space.
Chapter 3 describes a follow‐up study on this. Now the focus was on the
time course of the effects of the Rod‐and‐Frame Illusion (RFI) on the kinematics
of targeted forearm rotations. Participants were asked to perform a task similar
to the task exploited in the 3rd experiment as desribed in Chapter 2. Rod and
frame orientations were systematically varied and cylinder rotations were
normalised to time. The average realised cylinder orientations showed RFI
effects that were comparable to the effects described before. In addition, linear
regression analyses for every normalised time sample showed that the rod and
frame effects start simultaneously, but they reach their maximum effect at
different points in time.
Chapter 4 focusses on how humans plan and execute grasping movements
towards cylindrical objects that are partly occluded from view. Stimuli were
pictures of partly occluded cylindrical objects with indentations or protrusions
at regular intervals along the contour. They diverged into two plausible
completions: (1) a local completion, comprising a linear continuation of the
contour, and (2) a global completion, revealing a continuation of the contour
indentations (see Figure 1.4). This chapter describes how partly occluded stimuli
affect early and late prehension kinematics, while convergent stimuli with one
plausible completion acted as control. Participants repeatedly performed a
grasping movement in darkness, as if they grasped the earlier seen, partly
occluded cylinder behind the occluder. The peak acceleration of the hand
opening (occurring at about 20% of the movement time (MT)) and the maximum
hand aperture (at about 60% of MT) were taken to reflect the representation of
the width of the stimulus that was used for action. The results show that the
grasping movements were not only affected by local but also by global stimulus
properties of which the representation remained stable over time.
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Figure 1.4: The left figure shows a cylindrical shape that is partly occluded by a white
rectangle, and on the right side two plausible completions (global and local) are shown.

After describing the effects of different types of visual information on
action, Chapter 5 describes a study that focuses on how grasping movements
starting from two different starting positions, towards real 3D cylinders with
varying heights are tuned in order to avoid collisions with the target objects.
Grasping an object succesfully implies avoiding colliding into it before the hand
is closed around the object. This study focuses on some prehension kinematics
that typically reflect such, to date underrated, collision‐avoidance characteristics
of grasping movements. The participants repeatedly grasped the vertically‐
oriented cylinders while their trunk‐, arm‐ and hand‐movements were recorded.
The results show that cylinder‐height moderated the approach phase in that
small cylinders induced grasps from above whereas large cylinders elicited
grasps from the side. The collision‐avoidance constraint proved not only to be
accommodated by aperture overshoots but its effects already showed up early
on as adaptive rotations of distal and proximal arm joints, as reflected in the grip
height, the hand‐plane angle and the wrist rotation. Some implications are
discussed of the results of this study for designing humanoid robots that need to
be capable of safely interacting with humans. Finally, in Chapter 6, an overview
of the main findings and conclusions of the experimental studies described in
this thesis is given.
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CHAPTER 2
Constant Effects of the Rod‐and‐Frame Illusion
on Delayed Perceptuomotor Tasks

Chapter 2

ABSTRACT
Task‐dependency is a crucial variable in the debate on the nature of
perception‐action relationships. The present study focuses on the extent to
which the Rod‐and‐Frame Illusion (RFI) is task dependent. In three experiments,
participants were asked to perform different visuomotor tasks with 1000‐ms
delayed responses that consisted either of (1) rotating a line on a computer
screen through a series of keypresses, or (2) making a perceptual judgement in a
forced‐choice paradigm, or (3) rotating and propelling a hand‐held cylinder.
Irrespective of the type and duration of the response, the effects of the RFI
proved robust and constant. The task‐independency of the RFI reported here
supports the common representation model by Franz (2001) that states that a
single stimulus representation is used for both perceptual and motor tasks.

INTRODUCTION
In the last decade the neurocognitive basis of perception–action
relationships has extensively been studied by exploiting visual illusions. In many
studies conducted in this context, size–contrast illusions like the Ebbinghaus
circles (Aglioti, Desouza & Goodale, 1995; Fischer, 2001; Franz, Fahle, Bülthoff &
Gegenfurtner, 2001), Müller‐Lyer illusion (Glover, 2004; Heath, Rival & Binsted,
2004) or Ponzo illusion (Jackson & Shaw, 2000) were used. These illusions elicit
a misperception of the size of one of the elements of a compound stimulus by
manipulations of the parameters of one or more of the surrounding stimulus
elements. In the present study we contribute to this line of research by focussing
on context‐induced misperceptions of line orientations. The topic is related to
the Roelofs effect (see for example: Bridgeman, Kirch & Sperling, 1981) where a
laterally shifted frame induces a misperception of location. Here, however, we
focus on orientation rather than location perception.
Milner and Goodale (1995) proposed a distinction between visual
processing for perceptual awareness and visual processing for action in their so‐
called Perception–Action model. This model was based on their seminal study of
patient DF (Milner et al., 1991; Milner, 1995; Servos & Goodale, 1995), who had
to cope with the effects of a lesion in the lateral prestriate cortex of the dorsal
visual stream, and on visual‐illusion studies (Lee & Lishman, 1975; Aglioti et al.,
1995). According to Milner and Goodale (1995) the two visual systems rely on
different visual representations. The vision–for–action system uses an
egocentric, spatially accurate visual representation, whereas the vision–for–
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perception system uses a more allocentric visual representation, and is more
vulnerable to effects of contextual stimuli. The model predicts that tasks that
primarily require perceptual processing should be more susceptible to visual
illusions than tasks that mainly rely on motor processing. Before we specify the
tasks used in the present study to test this prediction, we first turn to the neural
support for the views expressed in Milner and Goodale’s model.
Beyond the occipital area, visual processing is indeed divided into two
streams towards temporal and parietal cortical areas, referred to as the ventral
and dorsal stream, respectively. The anatomical separation of these areas
supports the idea of parallel visual processing, and thus, the model of Milner and
Goodale (1995). The ventral stream is mainly involved in recognising visual
objects and constructing a consciously accessible representation of the visual
scene. The dorsal stream plays a role in visual guidance of body movements and
is not accessible to awareness (Milner et al., 1991; Schmidt, 2002). The two
streams differ both functionally and temporally. The ventral stream is
considered to be involved in processing intrinsic stimulus attributes ((Pisella,
Arzi & Rossetti, 1998; Rossetti & Pisella, 2002), has relatively long visual
latencies, and acts as a gateway to the memory systems of the brain, by which it
is also modulated (Milner & Goodale, 1995). The dorsal stream is considered to
be involved in extrinsic, spatial stimulus attributes, has short visual latencies
(Rossetti & Pisella, 2002), and operates in a much more bottom‐up fashion,
transforming visual information immediately into motor representations that
guide our manual, locomotor and ocular actions (Milner & Goodale, 1995). The
dorsal and ventral stream are not entirely separated from each other, there are
several anatomical interconnections that enable the two streams to interact
(Rossetti, Pisella & Pelisson, 2000).
Franz et al. (Franz, Gegenfurtner, Bülthoff & Fahle, 2000; Franz et al.,
2001; Franz, 2003) have argued against a clear dichotomy between perception‐
and action‐related information processing, and have claimed that vision for
perception and vision for action share a common representational basis. They
criticised that studies that found differences between perceptual and motor
responses were not adequately matched. If this assumption is valid, one wouldn’t
expect different effects of visual illusions in perceptual and motor tasks. To
support their claim, Franz et al. refer to studies that have demonstrated size‐
contrast illusions in both visual and motor tasks (Pavani et al., 1999; Franz et al.,
2000; Franz et al., 2001; Franz, 2003).
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The present study was designed as a contribution to the ongoing debate
as to whether or not visual illusions differentially affect perceptual and motor
tasks, even in adequately matched experiments. Perceptual adjustments
(Fischer, 2001), forced‐choice size comparisons (Aglioti et al., 1995; Heath et al.,
2004; Meegan et al., 2004; Glazebrook et al., 2005), manual size‐matching
responses (Daprati & Gentilucci, 1997; Franz, 2003), and drawing responses
(Daprati & Gentilucci, 1997) all have consistently been shown to be affected by
size‐contrast illusions. Motor responses were affected in some studies
(Donkelaar, 1999; Franz, 2003; Heath et al., 2004; Meegan et al., 2004;
Glazebrook et al., 2005) but not, or hardly in other studies (Aglioti et al., 1995;
Daprati & Gentilucci, 1997; Fischer, 2001). If the reasoning by Franz et al. is
correct, the effects of the presently studied Rod‐and‐Frame‐Illusion (RFI) should
remain constant across tasks that differentially tap into perceptual or motor
processes.
As mentioned above, dorsal and ventral streams have different latencies
and earlier it was shown that illusion effects indeed depend on response timing
(Westwood & Goodale, 2003). Therefore, in the present study, the timing of the
stimulus events was kept under control in the three investigated tasks of which
the nature varied from primarily perceptual to motoric. We decided to study the
task‐dependency of the RFI in a paradigm with 1000‐ms delayed responses and
to explore response‐duration effects.
In the first experiment of the present study, we briefly showed
participants an RFI‐stimulus. After the 1000‐ms delay, the participants were
requested to rotate by means of a series of keypresses a horizontal bar on a
screen into the same orientation as the orientation of the rod that they had
previously seen. The task was considered to involve perceptual as well as motor
processes. The second experiment was more perceptual in nature than the first.
In this experiment, participants were again shown an RFI‐stimulus, followed by a
1000‐ms interval, and subsequently another rod was shown of which in half the
trials the orientation differed +5° or ‐5° from the initial rod orientation. Here,
participants had to judge whether the orientation of that rod was similar to, or
different from the initial rod orientation. The third experimental task was
considered to rely more on motor processes as compared to the first and second
tasks. Again after a 1000‐ms inter stimulus interval, participants were asked to
move a hand‐held cylinder forwards towards the computer screen in order to
match its orientation with the orientation of the rod that they had previously
seen. In each of the experiments the initial stimulus was visible for 300 ms.
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In sum, we investigated the task‐dependency of the RFI and expected, in
line with the claims made by Franz et al. (2001), a high degree of similarity
between the observed RFI effects in the three tasks under study.

EXPERIMENT 1
METHOD
Participants
Ten participants, three male and seven female, ranging in age between 19
and 33 years (mean=23.7 years; SE=1.4 years) participated in this experiment
for remuneration or course credit. Two participants were left‐handed, all had
normal or corrected‐to‐normal vision. The local ethics committee approved the
experimental protocol for the present experiment and the two following
experiments, and all subjects gave their written informed consent, as required by
the 1964 Declaration of Helsinki.

Material and Design
Participants sat comfortably in a normal chair with arm rests, at a
distance of about 1.5 m in front of a computer screen. They held a computer
keyboard on their lap. In order to minimize external orientation cues, a circular
100‐cm diameter black screen with a 28‐cm diameter circular opening in the
center was placed in front of the computer monitor. The table on which the
monitor stood was covered with black fabric and the room was darkened during
the experiment. Participants had to give responses with the ‘<’, ‘>’, and spacebar
keys of the computer keyboard. Small pieces of sandpaper were glued to the
relevant keys, which helped the participants in finding the correct keys in the
darkness. The keyboard responses had a temporal accuracy of about 50 ms.
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Figure 2.1: Stimuli used in Experiment 1. During the experiments, all stimuli were
displayed in light gray on a black background.

The stimulus consisted of a rod (height × width: 111 mm × 8 mm, 4.2°‐
visual angle) that was visually presented in light grey on a black background at
the center of the computer screen in one of seven different orientations (‐15°, ‐
10°, ‐5°, 0°, 5°, 10°, and 15°, relative to the gravitational vertical that was labelled
0°). In half the trials the stimulus was surrounded by a rectangular frame (height
× width: 167 × 131 mm, 6.4° × 2.5°‐ visual angle) that was oriented in one of five
possible orientations (‐15°, ‐10°, 0°, 10°, and 15°, relative to the vertical; see
Figure 2.1). The center of the frame corresponded with the center of the stimulus
rod. Clockwise (cw) rotations were defined as positive rotations, in contrast to
mathematical conventions, to increase the legibility of the results patterns. In
half the trials, the stimulus rod was presented without the surrounding frame.
These trials were considered the control trials. Every trial was repeated five
times. Consequently, the experiment consisted of 7 Rod Orientations × 5 Frame
Orientations × 2 Frame Conditions (present versus absent) × 5 Replications,
which amounted to a total of 350 trials. All factors were varied according to a
quasi‐random design. On average, the experiment took about 45 minutes for
each participant.
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stim. (300ms)
delay (1000ms)
‘beep’
response: rotate bar on screen in
the same orientation as the
orientation of the stimulus rod

Figure 2.2: Trial events in Experiment 1.

Procedure
Each trial began with an inter‐stimulus interval of 1 s, after which the
stimulus rod, and in half the trials, the frame, was displayed for 300 ms
simultaneously. The presentation of the stimulus rod was followed by a 1000‐ms
waiting period (black screen) ending with an acoustic stimulus (of 500 ms) that
cued to the participants that a matching rod was presented on the screen (see
Figure 2.2). The matching rod was always presented in a horizontal orientation.
The participants were requested to rotate this matching rod such that its
orientation was identical to that of the stimulus rod they had seen earlier on in
the trial. Participants could do this by pressing the ‘<’‐button for counter
clockwise rotations and pressing the ‘>’‐ button for a clockwise rotation.
Participants were instructed to respond as fast and as accurately as possible, and
to press the space bar immediately after finishing their response. After each trial,
the total response time and the final orientation of the matching rod were stored
on the computer harddisk.

Data analysis
The main dependent variables in this experiment were the signed error,
and the response time, respectively. Response time was defined as the time
between the acoustic go‐signal and the moment at which participants pressed
the space bar. The rotational amplitude of the matching‐rod on the screen was
expected to be largest in trials with a vertical stimulus‐rod orientation, and
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hence, longer response times were predicted here. Signed errors measured how
much the adjusted matching‐rod deviated from the orientation of the stimulus‐
rod and was defined as the difference between those two orientations, expressed
in degrees. A positive signed error indicated an error in clockwise direction and
a negative signed error indicated an error in counter‐clockwise direction.
Statistical evaluations consisted of linear regression analyses for the effects of
frame and stimulus‐rod orientation on signed errors. The effects of stimulus‐rod
orientation and stimulus‐frame orientation on response times and signed errors
were evaluated for the experimental trials with frame. The illusion effect was
computed as the average of the absolute difference between the signed error in
the two extreme frame orientations (‐15°, and 15°) for the trials with a rod
orientation of 0°, for each participant.

RESULTS
Trials were excluded when no response was given or when the response
time was less than 250 ms, or when the signed error exceeded +/‐ 30°. Using
these criteria, nine of the 3500 trials (0.25 %) were discarded.

Performance
The mean signed error as a function of stimulus‐rod orientation varied
between ‐2.0° and +3.1° (see Figure 2.3A). Performance errors increased as the
stimulus‐rod deviated more from the vertical, i.e., there was a general tendency
to overestimate the slant of the stimulus rod. A linear fit through the mean
signed errors for each rod orientation showed a positive slope (signed
error=0.5889 + 0.1814 * stimulus‐rod orientation, R2=0.99). A t‐test that
compared the slopes of individual participants showed however, that the
average slope was not different from zero (t(9)=0.639; p > .05).

Response times
Response times, on average 2991 ms (SE = 16 ms), decreased
systematically and symmetrically with larger rod deviations from vertical,
showing a linear relation between response time and absolute rod orientation.
This linear function was supported by ANOVA within subjects linear contrasts
(F(1,9)=33.06; p<.001), performed on absolute rod orientation. Within subjects
effects of absolute rod orientation on response time were significant
(F(3,27)=26.169; p<.001)
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For easier comparison with other figures, figure 2.3B shows response
times plotted against rod orientation with the fit ‘response time = absolute(rod
orientation)* ‐29.7 + 3250.5 (R‐square = 0.057 and p‐values were .137, and .000,
respectively).
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Figure 2.3: Data Experiment 1: A: Mean signed error (in degrees) as function of stimulus‐
rod orientation; B: Mean response time (in ms) as a function of stimulus‐rod orientation.
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Since the starting orientation of the matching rod was always horizontal,
this pattern of results was as expected: the largest response times were
associated with the vertical stimulus‐rod orientation (0°), which was the
orientation that required the largest rotational amplitude. Indicating that in most
cases, participants chose to rotate the matching bar with an efficient rotational
direction. They took the shortest, and fastest route and rotated the matching bar
clockwise for counter clockwise tilted stimulus‐rod orientations and counter
clockwise for clockwise tilted stimulus‐rod orientations. There was no significant
effect of frame‐orientation on response time (F(4,36)<1; ns).
Figure 2.4 shows the mean signed error as a function of frame orientation.
Frame rotation induced errors in the opposite direction of the frame tilt. This
effect was consistent across participants. A repeated measures ANOVA on the
effects of frame orientation on signed error showed a significant within‐subjects
effect (F(4,36)=7.050; p<.01) and linear within subjects contrast (F(1,9)=2.466;
p<.01).
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Figure 2.4: Data Experiment 1: Mean signed error (in degrees) as a function of frame
orientation.

Effects of Rod andFrame Illusion on Signed Error
Nine of the ten participants showed a negative slope (sign test, p<0.05).
The line fitted through the data averaged across all participants had the
following slope and intercept: ‐0.07 (p<.01) and 0.361 (p<.05), R2=0.98. The
illusion effect of the RFI in this delayed task was 2.4° (SE=0.49°), computed as
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the average of the absolute difference between the signed errors in the
conditions with a ‐15° and a +15° frame orientation for rod orientations of 0°, for
each participant.

DISCUSSION
The RFI induced consistent effects on the signed error. The frame induced
signed errors of up to +3.1° and ‐2.0° for orientations of ‐15° and 15°,
respectively, and stimulus rod orientations were exaggerated.
Although participants didn’t have to perform rotatory movements
themselves in Experiment 1, changing the orientation of the rod on the screen by
pressing ‘<’, and ‘>’ ‐keys implied generating a series of motor responses. This
suggested that the present task required not only perceptual processing, and that
motor processing might have contributed to the measured illusion effect in
Experiment 1.
Therefore, a second experiment was performed in an attempt to measure
a more perceptual judgment of the effect of the RFI on 1000‐ms delayed
responses. Participants were requested to compare the orientation of a line on
the computer screen with the orientation of the rod in a RFI that was previously
shown. Furthermore, in the Experiment 2 as well as in Experiment 3, the
stimulus was followed by a masking pattern, that was briefly shown, because the
light grey stimulus on the black background could possibly have led to an after‐
image which might have helped the participants in remembering the requested
stimulus‐rod orientation, although participants did not mention this. However,
even with the possibility of prolonged after‐images, remarkable frame‐ and
illusion‐ effects were measured in the first experiment.

EXPERIMENT 2
METHOD
Participants
Ten right handed participants, 3 male and 7 female, with ages ranging
between 19 and 37 years (mean=24.6 years; SE=1.8 years) participated in this
experiment for remuneration or course credit. All participants were naïve and
none of them had participated in the previous experiment. All participants had
normal or corrected‐to‐normal vision.
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Material and Design
The experimental setup and apparatus were almost similar to those used
in Experiment 1. In this experiment a button box with a 1‐ms accuracy was used
to record the responses. The orientations in which the rod and frame could be
presented were slightly different from Experiment 1. The stimulus rod was
presented in one of three different orientations (‐5°, 0°, and 5° rotated from
gravitational vertical), and the frame could either be presented in one of seven
different orientations (‐15°, ‐10°, ‐5° 0°, 5°, 10°, and 15°, rotated from the vertical
around the same axis as the rod), or be absent. Again, clockwise was defined as
positive rotational direction, and the trials without frame were considered
control trials.
Trials began with an inter stimulus interval (ISI) of 1000 ms, after which
the stimulus was displayed for 300 ms, followed by a 1000‐ms delay period,
during the first 50 ms of which a semi‐random mask pattern was shown. A short
auditory cue was presented immediately after this interval. Subsequently, a
second rod was displayed, with an orientation that was similar to the orientation
of the stimulus rod in half the trials, but different from the initial orientation (i.e.
+5° or ‐5°) in the other trials. The participants were requested to judge whether
or not the matching rod had the same orientation as the initial rod by pressing
one of two buttons of the button box (Figure 2.5). Half the participants were
instructed to press the right key in a ‘match’ condition and the left key in a ‘no‐
match’ condition and half the participants were instructed to do the opposite.
Each condition was repeated 8 times and the trials were presented
according to a quasi‐random design. The whole experiment consisted of 3 Rod
Orientations × 8 Frame Conditions (‐15°, ‐10°, ‐5°, 0°, 5°, 10°, 15°, and no frame)
× 2 Second Rod Deviations (0° versus 5°) × 2 Directions of Deviations of Second
Rod (cw or ccw) × 8 replications, amounting to a total of 768 trials.
After having received written and verbal instructions, participants
performed 10 practice trials before completing 4 blocks of 192 trials with breaks
in between. Experiment 2 lasted about 1 hour per participant.
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stim. (300ms)
mask
delay (1000ms)
‘beep’
response: ‘same’ / ‘different’

Figure 2.5: Trial events in Experiment 2

Data Analyses
The percentage of erroneous responses was the main measure in this
experiment. Error percentages were calculated for each frame orientation and
analysed using Regression analyses. Furthermore, the effects of the experimental
factors on the mean response times observed across the replications of the
experimental conditions were assessed by means of a repeated measures ANOVA
according to a Frame Orientation (n=7) × Rod Orientation (n=3) × Second‐rod
Orientation (n=3) design. Response times of correct and false responses were
assessed separately and evaluated by means of t‐tests.
In this task, we expected the RFI to have similar effects as in Experiment
1. If the same frame‐ and rod‐effects would occur as were observed in
Experiment 1, we should find stronger RFI effects with the combination of the
frame orientation of +15° and the rod orientation of ‐5° and the combination of
the frame orientation of ‐15° and the rod orientation of +5°.
The illusion effect was computed for each participant and calculated as
the absolute average of the effects of the two extreme frame orientations (+/‐15°)
in the conditions with a rod orientation of 0°, this time expressed as an error
percentage.
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RESULTS
Trials with reaction times <300 ms were excluded from the analyses.
Based on this criterion, 26 trials (0.34 %) were excluded. The dependent
measures that were analysed in Experiment 2 were the percentage of errors and
the reaction times as a function of the different stimulus conditions.

Error percentage
The average percentage of error responses was 22% (SE=0.5%),
indicating that participants made errors in 22% of the trials.
Figure 2.6 shows the percentage error responses for each frame
orientation. The slope and intercept of the linear fit of the relation between
absolute frame orientation and error percentage were 0.6, and 18.2 (both p‐
values < .001).
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Figure 2.6: Data Experiment 2: Percentage of error ‐ responses for each frame
orientation.

Although most responses were correct, more mistakes were made with
larger frame deviations. The Rod (3) × Frame (7) orientation repeated measures
ANOVA to evaluate the effects on error percentage showed significant effects for
Frame Orientation (F(6,54)=7.548; p<.001) and the interaction between Rod
Orientation × Frame Orientation (F(12,108)=3.505; p<.001). There was also a
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quadratic within‐subjects contrast (F(1,9)=32.976; p<.001). Error percentage
was not influenced by Rod Orientation (F(2,18)<1; ns).
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Figure 2.7: Data Experiment 2: Percentage of error ‐ responses for each frame
orientation for A: Matching rod orientation of First rod orientation ‐ 5°, and B: Matching
Rod orientation of First rod orientation + 5°. Black diamonds correspond to a rod
orientation of ‐5° and white circles to a rod orientation of 5°.
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Effects on Response time
The only task participants had to perform in this experiment was to press
a button. Therefore, the reaction time was equal to the response time. Mean RT
was 690 ms (SE=3 ms) and ranged from 301 ms to 3616 ms.
Responses were faster in ‘same’ trials, where the second rod orientation
was identical to the orientation of the stimulus rod (RT=659 ms; SE=30 ms),
compared to ‘different’ trials in which the second rod orientation differed by ‐5°
(RT=716 ms; SE=33 ms) or +5° (RT=727 ms; SE=34 ms) from the stimulus rod
orientation (F(2,18)=13.455; p <.001, Bonferroni posthoc pairwise comparisons
p<.01, difference between second rod orientation

of ‐5° and +5° was not

significant).
The repeated measures ANOVA, and post‐hoc pairwise comparisons with
Bonferroni correction for multiple comparisons revealed that response times
were marginally shorter in trials with a frame orientation of 0° (mean=683 ms;
SE=30 ms), than in trials with a frame orientation of 15° (mean=714 ms; SE=36
ms).

There

were

no

differences

between

other

frame

orientations

(F(6,54)=2.376; p<.05, Bonferroni post‐hoc comparison: p=.08). There were no
significant effects of Rod orientation (F(2,18)=2.013, ns). Average RTs for false
and correct responses were 732 ms (SE=45 ms) and 698 ms (SE=29 ms),
respectively, thus, participants were faster in giving correct responses than in
giving false responses (t(9)=2.755; p<.05).
As can be seen in Figure 2.7, most errors were made with frame
orientation of ‐15°, a rod orientation of +5°, and a mismatching with the second
rod orientation of +5°, or with a frame orientation of +15° and a rod orientation
of ‐5° and a mismatching with the second rod orientation of ‐5°. This confirmed
our prediction that the RFI affected perceptual judgements of orientation in the
same direction as observed in Experiment 1. The overall illusion effect,
expressed as an error percentage was 27.8% (SE=3.2%).

DISCUSSION
Experiment 2 was designed in an attempt to verify whether the effect
found in Experiment 1 could be replicated in a task that depended more on
perceptual processes. A same/different task is a well‐known paradigm to assess
perceptual judgements. An illusion effect was again found in this experiment, in
line with the results that were obtained in Experiment 1. The fact that
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participants were faster in giving correct responses than in giving error
responses suggests that they felt very secure over the responses that were given
correctly.
In sum, Experiment 2 replicated the RFI effects that we found in
Experiment 1, showing that the orientation illusion under study affected both a
matching task which involved motor‐ and perceptual processing (Experiment 1),
and a more perceptual task (Experiment 2), both with delayed responses. The
logical next step in our exploration was to evaluate whether the RFI would also
remain to affect task performance if the experimental task would contain a larger
motoric component. To this end, we devised a third experiment in which
participants were asked to reproduce an earlier perceived orientation by
rotating a hand‐held cylinder while moving the hand forward.

EXPERIMENT 3
METHOD
Participants
Twelve naïve, right‐handed people, four men and eight women, with ages
ranging between 19 and 31 years, (mean=23.5 years; SE=1.1 years) participated
in this experiment for remuneration or course credit. None of them had
participated in any of the two previous experiments and all participants had
normal or corrected to normal vision.

Material and Design
The experimental setup used in this experiment was similar to the
previous experiments. Rod Orientations could be ‐5°, 0°, or 5° and Frame
Conditions could be ‐15°, ‐10°, ‐5°, 0°, 5°, 10°, or 15°, or no frame. In order to
have equal amounts of vertical and tilted rod orientations, the number of trials
with rod orientations of ‐5°, 0°, and +5°, was in the following proportion: 1 : 2 : 1.
There were 2 Rod Conditions (vertical versus tilted) × 2 Tilted Rod Orientations
(‐5°, 5°) × 8 Frame Conditions (‐15°, ‐10°, ‐5°, 0°, 5°, 10°, 15°, no frame) × 2 Start
Positions (horizontal versus vertical) × 5 Replications, resulting in two blocks of
160 trials. Start Position (horizontal or vertical) was varied between these blocks
and was counterbalanced across participants.
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Responses were given by moving a hand held cylinder (diameter: 4 cm,
length: 20 cm, weight: 222 g) forwards towards the screen, and align it with the
orientation of the stimulus‐rod that was previously shown. The cylinder was
designed such that it could radiate white light as soon as the go – signal sounded.
In order to prevent reflection images on the stimulus presentation monitor, the
side of the cylinder that faced forwards, i.e., towards the screen. was covered
with black sticky – foil, leaving a 20 cm × 2.2 cm area open that faced towards the
participant. The cylinder was connected with a cable on one end, which might
have slightly influenced the weight distribution of the cylinder and thus the
movement pattern. Therefore, the way participants held the cylinder was also
counterbalanced across participants. Half the participants held the cylinder with
the cable closest to the thumb and half the participants held the cylinder with the
cable closest to the little finger.

Procedure
Participants held the cylinder in their right hand with a power grip while
their arm rested comfortably on the armrest of the chair. Participants were
instructed to hold the cylinder in a horizontal or vertical start position between
the responses. Stimuli were shown for 300 ms, followed by a 1000‐ms interval,
during the first 50 ms of which a semi‐random mask pattern was shown.
Participants were requested, after hearing the go‐signal, to make a smooth
forward movement by stretching their right arm towards the screen while
rotating the cylinder into the same orientation as the orientation of the rod they
had previously seen, and to keep the cylinder in that position until after 2 s,
another tone indicated the end of the trial. After this, participants could return to
the starting position and wait for the next trial.
After getting written and verbal instructions, participants performed at
least 15 practice trials. Participants were allowed to take a brief pause in
between trials, when needed. There was a longer break between the two blocks
of trials, and the whole experiment lasted about 80 minutes for each participant.
Kinematic data were recorded during 2 s, from the go‐signal until the end
of the trials, with a sampling frequency of 100 Hz using an Optotrak 3020
(Northern Digital, Waterloo, Canada) 3D motion tracking system, which recorded
the positions of three Infrared Emitting Diodes (IREDs) that were attached to the
cylinder, and seven IREDs that were attached to a bracelet that acted as a rigid
body (see: Bouwhuisen, Meulenbroek & Thomassen, 2002) for the wrist.
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Data analyses
Data were filtered using a dual‐pass, second‐order, low‐pass Butterworth
filter with a cut‐off frequency of 8 Hz. Missing data were interpolated. Begin and
end of the responses were defined as the first and last local minimum in the
cylinder tangential velocity pattern where the velocity reached a threshold value
of 5% of the maximal velocity in that trial. From these data, RT, Movement time
(MT), and Response time were computed. RT was defined as the duration of the
interval between the go‐signal and the start of the response. MT was defined as
the duration of the interval between movement onset and the end of the
response. Response time was the sum of RT and MT.
Similar to the first experiment, signed error was calculated as the
difference between the requested rod orientation and the observed cylinder
orientation at movement completion. The effects of frame– and rod– orientation
on the signed errors were evaluated by means of regression analyses, sign‐tests
and a Frame orientation (7) × Rod orientation (3) × Start position (2) repeated
measures ANOVA. The effect of start position on signed error was also evaluated
by means of a t‐test. Another Frame orientation (7) × Rod orientation (3) × Start
position (2) repeated measures ANOVA was performed to evaluate the effects on
Response time.
Similar to Experiment 1, the illusion effect was computed for each
participant as the average of the absolute difference between the signed error in
the two extreme frame orientations (‐15°, and 15°) for the trials with a rod
orientation of 0°.

RESULTS
Effects on signed error
Mean signed error was ‐0.3° (SE=0.1°). Figures 2.8 and 2.9 show the
effects of the Rod and Frame orientations on the signed error, respectively.
Figure 2.8 shows that participants made fairly correct responses to vertical rod
orientations and that they made errors of about 5° in the direction of the rod
deviation in trials with a rod orientation of ‐5° and +5°. Thus, they moved the
cylinder in the correct direction, but, on average, they exaggerated the slant.
Although the steepness of this pattern differs between participants, the slope
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was consistently positive in all participants (p‐value of slope was <.01 in 10 of 12
participants, sign test: p<.002).

Signed Error (deg)

6
4
2
0
-2
-4
-6
-5

0

5

Rod Orientation (deg)
Figure 2.8: Data Experiment 3: The effect of rod orientation on signed error.

Signed Error (deg)

3
2
1
0
-1
-2
-3
-15

-10

-5

0

5

10

15

Frame Orientation (deg)
Figure 2.9: Data Experiment 3: Signed error for each frame orientation.

The effect of frame orientation on signed error (Figure 2.9) shows a
sigmoidal pattern with a negative slope, indicating that a frame deviation
induced errors in the opposite direction of up to about 2° with a 15° ‐ frame
orientation. The steepness of this pattern varied between participants, but the
slopes were all negative. This pattern was consistent with that found in
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Experiment 1, i.e., participants made errors in the opposite direction of the frame
orientation. A repeated measures control analysis of the trials in which a frame
was presented, showed an identical pattern of results. Overall, the mean illusion
effect averaged across participants was 4.25° (SE=0.94°).

Reaction times and Response Time
Reaction time ranged from 20 ms to 1190 ms (mean=276 ms; SE=2 ms)
and MT ranged from 420 ms to 1900 ms (mean=1135 ms; SE=4 ms). Response
time, i.e. the sum of RT and MT, was not affected by Frame orientation, Rod
orientation, Start position, nor by any interaction (all Fs<1).

DISCUSSION
Experiment 3 was performed in order to study how the RFI would affect a
motor task. If motor processing was not affected by this illusion, we should have
found little or less influence of the RFI in this task as compared to the tasks
examined in Experiments 1 and 2. However, the effects of the RFI that occurred
in the motor task of Experiment 3, proved highly comparable to the effects found
in the other two experiments. This finding is also surprising given that the
responses in Experiment 3 were almost twice as fast as in Experiment 1 but
twice as slow as in Experiment 2. We return to this matter in the General
Discussion.

GENERAL DISCUSSION
Based on the common representation model as proposed by Franz et al.
(2001) we expected that the Rod‐and‐Frame Illusion (RFI) would show constant
effects in different perceptuomotor tasks. To this end we investigated the RFI in
three separate experiments. Even though the responses that were required in
the different experiments relied, of course, both on perceptual and motoric
processes, the degree to which the responses were perceptual or motoric in
nature strongly varied. Experiment 2 required the least amount of motor
processing, whereas Experiment 3 required more motor processing than the
other two experiments. Experiment 1 could be considered as an intermediate
condition between Experiments 2 and 3.
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The tilted frame that we presented surrounding a rod of particular
orientation induced a misperception of the rod orientation in the direction
opposite to the frame orientation in all three experiments. This demonstrates
that participants based their responses on the relative orientation of the rod in
relation to the frame. In particular, with this range of frame‐ and rod‐
orientations, the participants tended to perceive the orientation of the rod closer
to the nearest frame diagonal than was actually the case.
Our results support the common representations–idea as suggested by
Franz et al. (2000; 2001; 2003), which predicts similar effects of visual illusions
on perceptual and motor tasks, provided that the different tasks are adequately
matched. The task‐independent RFI effects are surprising given the strongly
varying response times in the three experiments. In experiments 1, 2 and 3, the
response times changed from 2991 ms, to 690 ms, to 1411 ms, on average, and in
that sense, even though in each experiment a 1000‐ms response ISI was used,
only on the basis of the response‐time differences, different RFI effects in the
three experiments would have been understandable. The absence of these
differences could be called a null effect, which would not allow us to draw any
inference from our findings but given the extensive research on the effects of
visual illusions as reported in the introduction, we consider the present
verification of the claim by Franz et al. (2000; 2001; 2003) informative.
As mentioned before, our results can be seen in line with Bridgeman’s
work on frame displacements. Bridgeman found that a laterally shifted frame
induced a misperception of the position of a target within that frame in the
opposite direction, known as the Roelofs effect (Bridgeman et al., 1981;
Bridgeman, Peery & Anand, 1997). Bridgeman and colleagues demonstrated that
response delays have an important influence on the Roelofs effect. They argued
that in no‐delay tasks only perceptual systems use the position of the target
relative to the frame, whereas after a 2‐s response delay also motor responses
show a Roelofs effect (Bridgeman, Gemmer, Forsman & Huemer, 2000). In our
experiments, a rotated frame changed the relative orientation of the rod,
resulting in a small but systematic misperception of the rod orientation in the
direction opposite to the frame tilt. However, earlier studies with no‐delay
responses to RFI‐stimuli that were visible during the response (Beh, Wenderoth
& Purcell, 1971; Beh & Wenderoth, 1972) described a misperception of the rod
orientation in the direction of the nearest symmetry‐axis of the frame, resulting
in perceived rod orientations in between the veridical rod orientation and the
frame orientation. These studies only used vertical rod orientations and it is
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known that the strength of the RFI effect depends on the size of the RFI‐figure
and on the distance between the rod and the frame. Strong RFI effects in the
same direction as the frame deviation were found in studies with large frames.
Motor memory, which is thought to be represented in the dorsal visual
stream decays more rapidly in the absence of visual feedback than cognitive
representations of the ventral stream (Bridgeman et al., 2000; Rossetti & Pisella,
2002). Because visual representations of the dorsal stream are short‐lived,
memory‐based responses after a delay have to rely ‐at least partly‐ on the visual
information that is being processed in the ventral stream (Rossetti & Pisella,
2002). Ventral stream processing is thought to use an allocentric frame of
reference and to be more susceptible to contextual effects. In the present study,
1‐s delayed responses show robust and constant RFI effects across perceptual
and motor tasks.
Another view on this topic is the model proposed by Smeets and co‐
workers (Smeets, Brenner, deGrave & Cuijpers, 2002). They argue that visual
illusions only affect a specific task when the visual information that is specifically
needed to perform that task correctly, is biased. Their explanation for the task–
dependent effects found in some Ebbinghaus–studies was that for grasping, the
size of the target circle was not relevant, but the locations where the fingers
touch the object were, and visual perception of those was not affected by the
Ebbinghaus illusion. In our experiments, the orientation of the rod was the key
information that was specifically necessary to perform the different tasks
correctly. And that information was equally biased by the frame rotations in all
three experiments. Thus, according to this view, it makes sense that the results in
the three different tasks were comparable.
To sum up, the present study clearly demonstrates the Rod‐and‐Frame
Illusion in three different tasks showing context‐sensitive misperception of rod
orientation in delayed perceptual as well as motor responses. In the three tasks
of our study knowledge about the orientation of the rod was required to perform
the tasks correctly. Furthermore, because the timing of the stimulus events was
kept constant in the three tasks, the same information about the rod orientation
was available for response processing. This information about the rod
orientation was clearly biased by the orientation of the surrounding frame. Our
data suggest that the effects of visual illusions do not depend on the perceptual
or motoric nature of the task, but on the information that is required to perform
a specific task correctly, and the information that is available to perform that
task. Illusion effects occur only if biased information is available.
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ABSTRACT
The present study focused on the time course of the effects of the Rod‐
and‐Frame Illusion (RFI) on the kinematics of targeted forearm rotations.
Participants were asked to reproduce perceived rod orientations by propelling a
hand‐held cylinder forward while rotating it to the target orientation. Rod and
frame orientations were systematically varied and cylinder rotations were
normalised to time. Average realised cylinder orientations confirmed that when
the frame orientation deviated from the vertical, a reproduction error occurred
in the direction opposite to the direction of the frame tilt. In contrast, the
perceived orientation of the stimulus rod was exaggerated relative to the
vertical, i.e. reproduction errors were in the direction of the rod tilt.
Furthermore, linear regression analyses for every normalised time sample
showed that the rod and frame effects start simultaneously, but they reach their
maximum effect at different points in time. We discuss the implications of our
findings for current views on the effects of visual illusions on motor control.

INTRODUCTION
Much research examining interactions between perception and action has
recently focused on behavioural effects of visual illusions on motor performance.
In the majority of these studies participants were asked to make pointing (1999;
Fischer, 2001) or grasping responses (Aglioti, Desouza, & Goodale, 1995; Franz,
Fahle, Bülthoff, & Gegenfurtner, 2001; Franz, Gegenfurtner, Bülthoff, & Fahle,
2000; Jackson & Shaw, 2000) in the context of size‐contrast illusions like the
Ebbinghaus illusion (Aglioti et al., 1995; Franz et al., 2001), the Brentano‐ or
Müller‐Lyer Illusion (De Grave, Brenner, & Smeets, 2004; Heath, Rival, & Binsted,
2004), or the Ponzo Illusion (Donkelaar, 1999; Jackson & Shaw, 2000) Usually,
pointing or aperture errors were used as critical performance indices in these
studies.
In the present study we investigated the effects of the two constituent
parts of an orientation illusion. Rather than focussing on perception‐action
interactions as such, we zoomed in on the time course of the illusion’s effects on
forearm rotations. For this purpose we exploited the Rod‐and‐Frame Illusion
(RFI), which is elicited by a visual stimulus consisting of a straight line segment
surrounded by a rectangular frame. The illusion is caused when the frame is
rotated from vertical, which biases the perceived orientation of the rod (Beh,
Wenderoth, & Purcell, 1971).. The effects of the RFI depend mainly on the
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amount of frame tilt (Antonucci, Fanzon, Spinelli, & Zoccolotti, 1995; Beh &
Wenderoth, 1972). The marked effect the rotated frames have on the perceived
target orientations of the rods can already be experienced by a quick glance at
our stimuli in Figure 3.1. The RFI is in a way the rotational analogue of the so‐
called induced Roelofs effect, in which a laterally shifted frame biases delayed
pointing responses towards a target position within that surrounding frame
(Bridgeman, Peery, & Anand, 1997).

No Frame -16

Frame (deg)
-8
0
8

16

Rod (deg)

-10

-5
0
5
10

Figure 3.1: Stimuli. Rows show the stimulus combinations with different Rod
orientations and columns show the stimulus combinations with different Frame
conditions.

In an earlier attempt to capture the time course of orientation illusions
the RFI was used in combination with a simultaneous tilt illusion (STI), which
consisted of a circular target grating surrounded by a larger circular grating
(Dyde & Milner, 2002). The two illusions were tested in two task types
categorised as being either ‘perceptual’ or ‘goal‐directed’ in nature. The first task
type involved either matching the orientation of the target stimulus with a
second rod that was placed next to the stimulus within a separate frame or
rotating a separate grating that was located below the stimulus. The second task
type was either to grasp the target rod of the RFI or, in the experiments with the
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STI, to ‘mail’ a card against the ‘slots’ of the grating they saw before. Surprisingly,
whereas the STI‐effects were found in both task types, RFI‐effects were only
found in the orientation‐matching task. The study nicely demonstrates that
different versions of orientation illusions can differentially affect visuomotor
processing.
Dyde and Milner (2002) interpreted their findings in terms of the dorsal‐
ventral stream dichotomy as proposed by Milner and Goodale (1995). However,
in all of their tasks Dyde and Milner asked participants to produce a movement,
the orientation of which had to be matched with an earlier perceived orientation
of a part of the visual scene. Indeed, in most studies referred to above, contextual
effects on the orientation perception were only measured in the last phase or at
the end of the response. In studies that used grasping responses, usually the
maximum aperture is analysed, which occurs at about 70 % of movement time
(MT) (Jeannerod, 1984). Yet, little is known about how these effects disperse
over the entire response.
The task we used to scrutinize the evolution of the RFI is comparable to
the aforementioned mailing task used by Dyde and Milner (2002). Participants
were requested to rotate a hand‐held cylinder into the same orientation as the
orientation of the rod in the RFI. Rod and frame orientations were varied
independently (see Figure 3.1) and the cylinder rotation was recorded by means
of a 3D motion‐tracking system.
Because it has been suggested that the presence or absence of visual
feedback (De Grave et al., 2004; Glover & Dixon, 2004) and stimulus‐onset delays
(Bridgeman et al., 1997; Westwood & Goodale, 2003) can affect performance in
perception‐action responses to size‐contrast or position illusions, these were
also manipulated in the present experiment.
Effects of stimulus – response delays originate from the different latencies
of the brain areas involved. The dorsal visual stream is known to have a short
latency and stores a short‐lived representation of veridical spatial stimulus
properties, whereas the ventral visual stream is involved in higher‐order
cognitive processes and has a longer latency and its representations are more
sensitive to context information that last longer (Rossetti, Pisella, & Pelisson,
2000). This way, after a long delay, responses can only be guided by a ‘ventral’
representation of the visual stimulus.
In our study we manipulated orientation information in a compound
stimulus instead of size or position information, and since the orientation cues
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that we provided could be processed dorsally and ventrally, we did not have any
clear prediction of the possible delay effects. Nevertheless, we thought it wise to
include the parameter in our study to check whether or not differential effects as
a function of the delay parameter would occur.
We analysed the time‐normalised orientation of the cylinder in the
saggital plane, and, by applying multiple linear regression analyses to the data of
each time sample, we were able to scrutinise the RFI‐effects in time. The beta
weights for the regressor variables reflect the contribution of Rod‐, Frame‐, and
Starting orientations to the evolving cylinder orientation (Ry) during the
responses.
At t = 0 we expected no effects of rod and frame orientation since at that
moment the cylinder orientation was completely determined by the prescribed
Starting orientation Ryi (bRod = 0, bFrame =0, bRyi =1). In contrast, at movement
completion, i.e. at t = 100 %, the Rod‐ and Frame effects were expected to be
maximal whereas the effect of bRyi was expected to have worn off. The interesting
part of the regression analyses covers the phase during the response, and
especially the time course of the Frame effects, since the Frame orientation is a
contextual variable that is irrelevant to the task, i.e., reproducing the perceived
rod orientation. Within the response period, effects were expected to kick in,
increase, reach their maximum, and stabilise, all such effects potentially being
reflected in the respective beta weights of the regressor variables.
This approach enabled us to test whether or not the RFI stimulus was
solely processed as a Gestalt, or whether the individual components (rod and
frame) that make up the Gestalt, would play separate roles. There would be
strong supporting evidence for the first option if rod and frame effects would
occur simultaneously, i.e. rod‐ and frame effects would kick in at the same time,
have the same effect interval, and stabilise at the same time. However, if the
processing of the RFI stimulus would somehow consist of multiple information
processes dealing with the orientation of the rod and surrounding frame
separately, then this should be revealed by target (rod) and context (frame)
effects having different event structures.
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METHOD
Participants
Fifteen right‐handed subjects, seven men, volunteered to participate in
our experiment for remuneration or course credit. All subjects had normal or
corrected‐to‐normal vision and were unaware of the purpose of the experiment.
Data of two participants were excluded because of technical problems and not
complying to the task instructions. Age of the 13 participants that were included
in the analyses ranged between 19 and 29 years, (mean = 24; SD = 3.6 years).
The local ethics committee approved the experimental protocol for the present
experiment, and all subjects gave their written informed consent, as required by
the 1964 Declaration of Helsinki.

Material and Design
Participants sat comfortably in a normal chair with arm rests, facing a
computer screen at approximately 1.5 m distance. They were not restrained, but
instructed to keep their back against the backrest of the chair during the
experiment. In order to minimize external orientation cues, we covered the
edges of the computer screen by a 100‐cm diameter black screen with a 28‐cm
diameter circular opening in the centre. Also, the table on which the monitor
stood was covered with black fabric and during the experiment the room was
fully darkened.
Responses were given by moving a hand‐held cylinder (diameter: 4 cm,
length: 20 cm, weight: 222 g). This cylinder was designed such that it could
radiate white light as soon as the go–signal sounded. In order to prevent
reflection images on the stimulus presentation monitor, the side of the cylinder
that faced towards the screen was covered with black sticky – foil, leaving a 20
cm × 2.2 cm area open visible to the participant. The orientation and
displacement of this cylinder were recorded by means of an Optotrak 3020
(Northern Digital, Waterloo, Canada) 3D motion tracking system, using three
Infrared Emitting Diodes (IREDs) with a sampling frequency of 100 Hz.
The stimuli consisted of a rod (height × width: 111 mm × 8 mm, 4.2 deg
visual angle) in the centre of the computer screen that was surrounded by a
rectangular frame (height × width: 167 × 131 mm, 6.4 × 2.5 deg visual angle).
Both Rod and Frame were visually presented in light grey on a black background.
The centre of the Frame corresponded with the centre of the Rod. In contrast to
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mathematical conventions, clockwise (cw) rotations were defined as positive
rotations to increase the legibility of the results patterns.
There were five Rod conditions (‐10, ‐5, 0, 5, and 10 deg, relative to the
gravitational vertical that was labelled 0 deg), and six Frame conditions: in 1/6 of
the trials the Frame was absent, and in the remaining trials the Rod was
surrounded by a Frame, oriented in one of five possible orientations (‐16, ‐8, 0, 8,
and 16 deg). An overview of all possible stimuli is shown in Figure 3.1.
The interval between the mask that was shown after stimulus
presentation and the go signal varied and was 17 ms for half the trials and 1000
ms for the other half of the trials. Start position (wrist pronated or supinated
with the cylinder approximately horizontal), and visual feedback (i.e. cylinder
light on or off) were varied between blocks and counterbalanced between
participants. Every trial was repeated twice and the experiment thus consisted of
four blocks of 5 (Rod Orientations) x 6 (Frame Conditions) x 2 (Delay
Conditions) x 2 (Replications) = 120 trials each, in a quasi‐randomised design.

Procedure
Participants received written and verbal instructions, and performed a
few practice trials before the experiment started. The aims of the practice trials
were twofold: 1) familiarise participants with the task, and 2) testing and making
sure that the cylinder trajectories were recorded by the Optotrak system.
Participants started each trial with the cylinder in their right hand and
their forearm resting on the armrest, in either a pronated or supinated starting
position. They were asked to keep the cylinder in a horizontal position. Brief
verbal instructions about Starting position and information about the visual
feedback condition of every block were given prior to each block.
The trial events are shown in Figure 3.2. Stimuli were shown for 300 ms,
immediately followed by a semi‐random masking pattern that was shown for 50
ms in order to prevent afterimages. The mask was one of 10 randomly chosen
displays consisting of 50 randomly oriented and dispersed rods. The
presentation of the mask was followed by a delay of either 17 or 1000 ms, and
completed with an auditory go–signal. Upon this cue, participants were
requested to make a smooth rotation‐ and propelling movement with their right
arm towards the screen, such that, after stretching their arm in front of them, the
orientation of the hand‐held cylinder would occlude and accurately match the
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orientation of the stimulus Rod that they had seen before. Participants had to
keep the cylinder in this orientation until after 2 s after the go‐signal a second
tone indicated the end of the trial. After this, participants returned to their start
position and waited for the next trial. Figure 3.2 shows the outline of the
different trial events.

stim. (300ms)
mask
delay
start cue

z
x
y

Figure 3.2: Temporal outline of trial events.

The whole experiment consisted of 480 trials with short breaks in
between blocks. When necessary, participants were also allowed to take brief
pauses in between trials. The experiment took about one hour for each
participant.

Data analyses
The three IREDs (Infrared Emitting Diodes) that were fixated onto the
cylinder constructed a ‘Rigid Body’ (Bouwhuisen, Meulenbroek, & Thomassen,
2002) of which the x, y, and z‐ coordinates, and the rotation around the saggital
axis (Ry) were analysed. Data were filtered using a dual‐pass, second‐order, low‐
pass Butterworth filter with a cut‐off frequency of 12 Hz. Missing data were
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linearly interpolated. The beginning of the responses was defined as the first
local minimum in the cylinder tangential velocity pattern that occurred prior to
the moment at which the velocity increased beyond a threshold value of 5% of
the maximal velocity in that trial. The end of the responses was defined as the
first minimum in the cylinder tangential velocity pattern after the velocity had
decreased below the threshold value of 5% of the maximal velocity in that trial.
From these data, Reaction time (RT) and Movement time (MT) were computed.
RT was defined as the duration of the interval between the go‐signal and
response onset. MT was defined as the duration of the interval between
movement onset and the end of the response.
Signed error was calculated as the difference between the observed
cylinder orientation at movement completion and the requested Rod orientation,
and this measure was taken to reflect the orientation bias induced by the Rod
and Frame orientations of every stimulus. The effects of Rod‐ and Frame‐
orientations on Signed error were analyzed by means of a Rod orientation (5) x
Frame orientation (5) x Start orientation (2) repeated measures ANOVA, and the
main effects of Visual feedback, Delay, and Start condition on Signed error were
analysed by means of paired samples t‐tests.
To enable comparisons of the Ry trajectories between trials and
conditions we time‐normalised Ry to 50 samples. In order to tease apart the Rod
and Frame effects over time, the time‐normalised movement trajectories were
analysed by means of linear‐regression analyses for every time sample (t) using
the model described in Eq. 1.

Ry(t ) = b0 (t ) + bRyi (t ) * Ryi + bRod (t ) * Rod + bFrame (t ) * Frame

(1)

where Ry(t) represents the cylinder orientation at time sample (t) and Ryi,
Rod, and Frame the constant factors during every trial, i.e. the Start orientation,
the Rod orientation and the Frame orientation, respectively. The beta weight
bRyi(t) indicates how much the starting orientation contributes to the cylinder
orientation at time sample (t), and bRod(t) and bFrame(t) are measures of the size of
the contributions of Rod‐ and Frame orientation to Ry. In line with the task
instructions, we expected bRyi to be maximal at the beginning of the response and
bRod to be maximal at the end of the response.
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RESULTS
An example of the cylinder kinematics observed in one trial (supinated
starting position, rod = 10 deg, and frame = 0 deg) is shown in Figure 3.3. The
black solid line shows that the cylinder orientation in the frontoparallel plane
(Ry) changes sigmoidally from 82 deg to ‐32 deg, showing an extreme overshoot
of 22 deg. The rotations in the saggital‐ (Rx) and transverse (Rz) planes were
smaller and less smooth. The final orientations around X and Z‐axes were 13, and
‐2 deg, respectively.

Table 3.1: Kinematic characteristics of the cylinder rotations. The statistics were
calculated across participants.

Min

Max

Mean

SD

RT (ms)

204.3

437.6

353.0

68.2

MT (ms)

929.5

1425.2

1210

156.4

Rotation
amplitude (deg)

56.7

80.3

69.1

16.4

Ryi pronatedstart
(deg)

-89.5

-17.2

-64.4

14.7

Ryi supinated
start (deg)

10.8

89.5

72.6

9.8

Rye pronatedstart
(deg)

-30.7

36.1

1.4

11.6

Rye supinated
start (deg)

-39.8

40.7

0.8

14.3

Average Rotation
velocity (deg/s)

43.0

68.5

58.5

15.8

Overall kinematic characteristics are listed in Table 1. Mean RT was 353
ms (SD = 68.2 ms), and mean MT was 1210 ms (SD =156.4 ms). Given that
grasping movements, on average, take between 650 and 900 ms (Marteniuk,
Leavitt, Mackenzie, & Athenes, 1990; Zaal & Bootsma, 1993), the presently
studied arm rotations can be said to be relatively slow. The average starting
orientation (Ryi) was ‐64.4 deg (SD = 14.7 deg) in the pronated start condition
and 72.6 deg (SD = 9.8 deg) in the supinated start condition. Mean rotation
amplitude (Ry(end) ‐ Ryi) was 69.1 deg (SD = 16.4 deg), and the average rotation
velocity was 58.5 deg/s (SD = 15.8 deg/s).

58

Differential RFI Effects on Timing of Action

3A
Rx
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Cylinder Orientation (deg)

100

0
Rod = -10 deg, Frame = 0 deg
-50
0
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Tangential Velocity (cm/s)
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2

0
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Figure 3.3: Kinematics of the cylinder translations and rotations for a single trial, starting
with a supinated starting posture. The top panel (3A) shows cylinder rotations in time
around the X, Y, and Z axes, the dashed horizontal line shows the stimulus‐Rod
orientation and the dotted horizontal line represents the vertical. The bottom panel (3B)
shows the tangential and absolute rotational velocities of the cylinder in time. The latter
velocity was calculated as the square root of the sum of the squared first derivatives of
the three angular‐position time functions shown in 3A. Circles indicate begin and end of
the movement.

Effects on Signed Error
The mean signed error was 1.03 deg (SD = 7.9 deg). The effects of the Rod
and Frame orientations on the signed error (in degs) are shown in Figures 3.4
and 3.5, respectively. Both show a sigmoidal pattern, with a positive slope for the
effects of the Rod orientation and a negative slope for the effects of the Frame
orientation.
Signed errors per Rod orientation ranged from 4.7 deg (SD = 7.5 deg)
when it was 10 deg tilted in clockwise direction to 3.3 deg (SD = 8.3 deg) when
the Rod had an orientation of ‐10 deg. Thus, participants rotated the cylinder in
the correct direction, but on average the slant of the stimulus Rod was
overestimated.
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Figure 3.4: Effects of Rod Orientation on the Signed Error averaged across participants
and Frame orientations. Error bars indicate standard errors.

Frame effect

Signed Error (deg)

4

2
No frame
0

-2
-16

-8

0

8

16

Frame orientation (deg)
(3a)

Figure 3.5: Effects of Frame Orientation on Signed Error averaged across participants
and Rod orientations. Error bars indicate standard errors, and the dashed lines the

averaged Signed Error + standard error of the No Frame condition.

Figure 3.5 shows the effects of Frame orientation on the signed error. The
negative slope of the sigmoidal pattern indicates that Signed error was largest
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with a frame tilt of ‐16 deg, (2.9 deg, SD = 7.6 deg), and smallest with a frame tilt
of 16 deg (0.63 deg, SD = 7.7 deg).
A repeated measures ANOVA according to a 5 Rod x 5 Frame x 2 Start
orientation design showed that the Signed error was affected by Rod orientation
(F(4,48) = 17.103; p < .01) as well as Frame orientation (F(4,48) = 27.329, p <
.01). The two factors showed an interaction (F(16, 192) = 2.272; p < .01)
reflecting that Signed errors caused by the contextual Frame increased as the
target Rod orientation increased. Additionally, interactions were found between
Rod and Start condition (F(4,48) = 4.579; p < .05), and between Frame and Start
condition (F(4,48) = 2.692; p < .05). However, Starting position didn’t have a
main effect on signed error (F(1,12) < 1, ns). An additional paired samples t‐test
showed no difference between the ‘No Frame’ and the Frame = 0 deg conditions
(t(12) < 1, ns). Furthermore, Signed error was not affected by Visual feedback,
Delay, or Start condition, as was shown by pair wise t‐tests (all t(12) < 1, ns). For
all further analyses we pooled the data across Visual Feedback, Delay, and Start
conditions.

RodandFrame effects in time
To analyse the time course of the Rod‐ and Frame effects during the
responses we analysed the rotation of the cylinder in the frontoparallel plane
(Ry). In order to be able to average across trials and to compute contrasts, Ry
was normalised to time in 50 steps. Figure 3.3A shows that Ry developed as a
smooth sigmoidal pattern, in contrast to the cylinder rotations in the other
directions. The tangential velocity as illustrated by Figure 3.3B shows a smooth
bell‐shaped pattern, whereas the rotation velocity has a multiphasic pattern with
an early peak that is caused by noise in Rx and Rz. We did not analyse Rx and Rz,
because the stimuli and the task instructions emphasised the frontoparallel
plane as the plane in which the cylinder rotations needed to be realised.
In order to track the effects of the different experimental factors in time,
we applied linear regression analyses for every normalised time sample. We
used the linear regression model as described in Eq. 1 and computed the beta
weights (bo, bRyi, bRod, and bFrame) for every time sample (t), for every participant,
based on the data of all trials in which the Frame was visible. A b‐value of 0
means that this factor has no effect on Ry, a positive b‐value indicates a
contribution to Ry, and a negative b‐value means that this factor has an effect on
Ry in the opposite direction. Also, the larger b is, the stronger the contribution.
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The changes of the different b‐values as a function of time are plotted in Figures

A

Tang. Velocity (a.u.)

3.6b‐d

Tangential Velocity

100
80
60
40
20
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Rod Contribution

B
1.5
1
0.5
0
-0.5

C

D

Frame Contribution
0.05
0
-0.05
-0.10
-0.15
-0.20
-0.25
Start Contribution
1
0.8
0.6
0.4
0.2
0
0

20
40
60
80
100
Normalised movement time (%)

Figure 3.6: The top panel shows (a) the mean time normalised tangential velocity and
the lower three panels show the variations in beta‐weights in normalised time for the
regression model: Ry = b0 + bRyi*Ryi +bRod*Rod + bFrame*Frame, reflecting the time courses
of the contributions of (b) the Rod, (c) Frame, and (d) Start orientations.

For a better understanding of the relation between the development of
the different beta weights and the prehension response, we plotted the mean,
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time normalised tangential velocity in Figure 3.6a. Comparing the beta weights
(Figure 3.6b‐d) with the tangential velocity (Figure 3.6a) shows that the Rod and
Frame effects have stabilised before the response has finished completely.
R‐square per participant ranged from 0.58 to 0.86 (mean = 0.73, SD =
0.09). As expected, at t=0 % Ry was fully determined by Ryi, whose contribution
steadily decreased to 0 towards the end of the response (Figure 3.6c). The effect
of the Rod orientation increased shortly after movement onset in a sigmoidal
fashion (Figure 3.6a), whereas the negative effect of the Frame –albeit smaller‐
increased in a sigmoidal fashion towards the end of the response (Figure 3.6b).
Because we were interested in the moments at which the effects started
to kick in (T1), and reached their final levels (T2), we defined thresholds of 5%
(see Footnote 1) of the range of bFrame and bRod for every participant. T1(rod) was
considered as the moment bRod > threshold and T1(frame) as the moment bFrame <
‐ threshold. T2 values for each participant were defined as the moments at which
the bRod > bRod(end) – threshold and bFrame < bFrame(end) + threshold.
T1 occurred on average at 29.8 % (SD = 8.3 %) of MT for Rod and at
31.8% (SD = 16.6%) of MT for Frame (t(12) <1, ns). T2 was later for Rod effects
(79.1%, SD = 7.1%) as compared to Frame effects (64.3 %, SD = 26.0%) (t(12) =
2.21; p< .05). And the effect interval (T2‐T1) was longer for Rod (49.2 %, SD =
9.3%) than for Frame (32.5 %, SD = 18.3%) (t(12)= 3.26; p <.01).
By analysing the moments at which the respective b‐values became
significant (Tsig), it showed that for ten participants Tsig(Rod) < Tsig(Frame), for
two participants bFrame became never significant, and one participant showed an
opposite pattern (n+ 11, n‐ 2, p <= 0.02).
In sum, analysis of the signed errors showed that both stimulus features
caused errors: the Rod orientations caused the final cylinder orientation to
deviate in the same direction (i.e., the larger the Rod deviation the larger the
effect in that direction), this in contrast to the Frame which contributed to the
final cylinder orientation in the opposite direction. We found no main effects of
visual feedback, delay and starting position. The instruction to keep the cylinder
horizontal in a supinated or pronated starting position was not completely
followed. On average, participants held the cylinder a little less pronated or
supinated, probably because those positions are more comfortable than the
positions necessary to keep the cylinder in orientations of ‐90 and +90 deg.
The interaction effects between Starting position and Rod orientation and
between Starting position and Frame orientation can be summarised as follows:
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The Rod and Frame effect curves proved steeper for the supinated Start
condition than for the pronated Start condition. Clearly, the extent to which the
RFI affected the participants’ forearm rotations depended on the initial starting
posture which the participants were asked to adopt. This is likely due to
asymmetrical biomechanical properties of the right forearm (O'Sullivan &
Gallwey, 2005). The directional difference between Rod‐ and Frame effects was
also confirmed by the linear regression analyses performed on the RFI‐effects in
time. These also showed that despite the fact that bRod became earlier significant
than bFrame, Rod and Frame effects kicked in (T1) simultaneously, whereas T2
occurred earlier for Frame effects than for Rod effects. And as a consequence, the
effect interval for Rod was longer than for Frame.

DISCUSSION
We conducted the present study to gain a better understanding of the way
in which forearm rotations towards a visually presented target orientation are
biased by a tilted contextual frame. To do so we analysed both the effects of the
RFI on the orientation of a hand‐held cylinder at the end of the requested
forearm rotation, and the development of the rod‐ and frame effects during the
forearm rotation.
In our study we demonstrated robust RFI‐effects on targeted forearm
rotations whereas the RFI‐study by Dyde and Milner (2002) suggested that a
semantic context was a prerequisite for such effects to occur. The main
difference with their study is the response that we requested from the
participants. Dyde and Milner (2002) used grasping responses and since the
hand and fingers have many degrees of freedom, recording hand orientation
might not be the best way to measure effects of an orientation illusion on
grasping. More importantly, for grasping, other features may be more important
than the orientation of the target. For example, Smeets and Brenner (1999)
suggested that the locations where the fingers are to be placed on a to‐be‐
grasped object are important for grasping responses. Thus, illusion effects are
highly task‐dependent. Rather than trying to capture perception‐action
interactions by analysing a collective behavioral variable we have shown that
scrutinizing the component processes that make up a visual illusion forms a
powerful tool to gain more insights into the differential effects that visual
illusions may have on action.
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Depending on the depth of processing a compound visual stimulus can
both be processed as separate parts or as a whole. Although effects of Rod and
Frame orientation kicked in at the same moment their duration differed. On the
basis of our rationale formulated in the introduction we infer that, given the
current task the RFI‐stimulus was not solely processed as a Gestalt. If that were
the case, then Rod and Frame effects should not only have kicked in at the same
time but their effects should also have worn off at the same time. Apparently the
stimulus components influenced the forearm rotations separately. The fact that
the frame effects stabilised sooner than the rod effects also demonstrates that
the frame orientation was not a relevant cue with respect to the task instruction
but a distractor.
The task‐relevance of a stimulus property is indeed important for the way
in which a stimulus is used for action. De Grave et al. (2006), for example,
showed that the Muller‐Lyer illusion only affects movements when the illusory
length is relevant to the task. In the present experiment, the rod orientation was
relevant to the task but the frame orientation was not. However, we did find a
systematic effect of the frame orientation on the cylinder rotations. This suggests
that orientation is more sensitive to contextual distractors than other spatial
stimulus properties like position and length information in a pointing task (De
Grave, Franz & Gegenfurtner, 2006).
The finding that the Frame effects stabilised sooner than the Rod effects
suggests that in the homing‐in phase, or at least towards the end of the
responses, a more veridical representation of the stimulus orientation
determined the adopted final orientation of the hand‐held cylinder. Surprisingly,
also the Rod effects stabilised long before the end of the responses (about 250
ms). The rotational velocity profiles show subtle fluctuations at the beginning
and end of the prehension responses. Apparently some rotational adjustments
did occur during the start‐ and homing‐in phases of the response. Since at the
end of the movement the rod orientation is most important, the adjustments that
occur in that phase are possibly only guided by the represented Rod orientation.
We explored possible explanations for the constant clockwise off‐set in
the realised final cylinder orientations by comparing the Signed Error data in the
presence and absence of the frame and, similarly, in the presence and absence of
visual feedback from the cylinder but the overall rotational bias proved to be
independent of these experimental factors. We therefore assume the off‐set to be
likely caused by anatomical or proprioceptive factors that bias the response
execution. It should be noted that, to make a stronger statement about the nature
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(perceptual versus motoric) of these errors, a purely perceptual measure would
be necessary. But that is beyond the scope of this study.
Our findings are in line with the Roelofs effect where a laterally‐shifted
frame induces a pointing bias in the direction opposite to that of the frame shift
(Bridgeman et al., 1997). Interestingly, some participants in Bridgeman et al.’s
study showed such biased pointing reponses only after a long delay (>4s)
whereas the responses of other participants were biased by the frame in all delay
conditions. Bridgeman et al. (1997) took this as support for different stimulus
representations being involved in the sensorimotor maps that the participants
used to control their pointing movements. The fact that we did not find any
effects of stimulus‐response delay is either due to the fact that position and
orientation information are represented in different ways in the visuomotor
system or to differences in the task requirements between the pointing
movements studied in the context of the Roelofs effect and the presently studied
forearm rotations in the context of the RFI. Clearly, an oriented rod is a more
complex stimulus than a single dot at a certain planar position. To accurately
perceive and remember the orientation of a visually presented rod, unambiguous
contextual cues are helpful.
Another difference is that the forearm rotations studied here apparently
are more complex than pointing responses, which might be prepared while the
stimulus location is still represented in the ‘veridical’ dorsal visual stream. The
reproduction of an earlier perceived orientation, however, requires the
integration of more information which takes more time and is cognitively more
demanding, and thus is likely dependent upon a visual representation from the
ventral visual stream.
We conclude that:(1) the Rod and Frame effects of the RFI as investigated
by means of the kinematics of targeted forearm rotations can be distinguished in
time, (2) the Rod and Frame effects of the RFI have identical latencies but the
Rod has a longer effect‐interval, and (3) the effects that orientation illusions have
on motor performance are task‐dependent.
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FOOTNOTE
1.

The 5% threshold was arbitrary but both a lower (2.5%) and a higher
threshold (10%) resulted in similar result patterns.
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ABSTRACT
In the present study we investigated how partly occluded stimuli affect
early and late prehension kinematics. Stimuli were pictures of partly occluded
cylindrical objects with indentations or protrusions at regular intervals along the
contour. They diverged into two plausible completions: (1) a local completion,
comprising a linear continuation of the contour, and (2) a global completion,
revealing a continuation of the contour indentations. Convergent stimuli with
one plausible completion acted as control. Twenty‐eight participants repeatedly
performed a grasping movement in darkness, as if they grasped the earlier seen,
partly occluded cylinder. The peak acceleration of the hand opening (occurring at
about 20% of the movement time (MT)) and the maximum hand aperture (at
about 60% of MT) were taken to reflect the representation of the width of the
stimuli used for action. The results show that the grasping movements were not
only affected by local but also by global stimulus properties of which the
representation remained stable over time.

INTRODUCTION
We act on and manipulate numerous objects each day but we never act on
completely visible objects. Parts of objects are often hidden behind protruding
elements of the object itself or by other objects. Imagine a carton of juice on a full
breakfast table. Its base and rear side may not be visible due to your viewing
angle and other parts of the carton may be hidden from view due to the presence
of other intermediate objects on the table. Despite all this, we don’t experience
the carton as being fragmented or incomplete. Furthermore, we are well able to
pick up the carton to pour out some juice.
The present study aims at a better understanding of the ways in which the
action system copes with fragmented visual information when participants are
asked to grasp partly occluded objects. Objects protruding from behind an
occluder are interpreted as one whole object when their contours are relatable
(e.g. Kellman and Shipley 1991) and their volumes are mergeable (Tse 1999b).
This so‐called amodal completion process takes multiple steps and starts with a
representation of the visible physical features early in the visual cortex and ends
with a representation of a completed shape in higher visual areas (Murray et al
2006; Weigelt et al 2007). Partly occluded objects can be interpreted in an
infinite number of ways; however, some solutions are more likely than other.
Other studies of amodal completion have shown that different strategies lead to
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different stimulus interpretations (De Wit et al 2006; De Wit and Van Lier 2002;
Sekuler 1994; Sekuler et al 1994; Van Lier et al 1995a; Van Lier et al 1995b).
Whereras global completions take into account various overall characteristics of
the whole object, like symmetries or repetitions (De Wit et al 2006; De Wit and
Van Lier 2002; Van Lier et al 1994), local completions are derived from contour
information that is available at or near the points of occlusion. In particular, local
completions are generally formed by a linear or curvilinear continuation of the
partly occluded contour behind the occluder (e.g. Fantoni and Gerbino 2003;
Kellman and Shipley 1991; Singh and Fulvio 2005; Wouterlood and Boselie
1992). Van Lier et al. (1995a; 1995b) have argued that the preference for one of
both types of completion results from a competition between interpretations.
Patterns with a stronger competition between different possible interpretations
are more ambiguous.
Thus far, completion has mostly been studied in perceptual experiments
in which observers had to judge the form of the partly occluded shape by
responding to different visual solutions (De Wit and Van Lier 2002; Gerbino and
Salmaso 1987; Tse 1999a; Van Lier et al 1995b; Van Lier and Wagemans 1999).
Here, we turn to a more complex behavioural response. In real‐life situations we
act upon objects around us, and we may grasp them at parts that are occasionally
blocked from sight. In fact, we often grasp earlier seen objects without direct
visual control. The remembered object position and object shape normally
suffice to perform a grasping movement successfully. In the present study, we
therefore asked participants to perform grasping movements to earlier seen,
partly occluded objects. We focused on how our stimuli would affect an early and
a late kinematic feature of the grasping movements because we presumed that
the representations of the occluded cylinders, specifically the more complex
ones, might become less accurate with time.
We designed two types of of partly occluded shapes as stimuli. For the
first type, the partly occluded shapes were not ambiguous, whereas for the other
type they were. To create these stimuli we accounted for local and global
completion strategies; (e.g. De Wit et al 2006; Sekuler 1994; Sekuler et al 1994;
Van Lier et al 1995a; Van Lier et al 1995b; Van Lier and Wagemans 1999). The
first type of stimuli, to be referred to as ‘global‐local convergent’, was designed
such that local and global strategies converge to the same solution, whereas the
second type of stimuli, to be referred to as ‘global‐local divergent’, was designed
such that local and global strategies diverge to different completions. We tested
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the perceptual ambiguity of our stimuli in a control experiment in which we
exploited a simultaneous‐matching paradigm.

Figure 4.1: Stimuli. The left column shows the partly occluded stimuli. The top panel
with figures shows the convergent stimuli and the bottom panel shows the divergent
stimuli. The right‐most column shows the most plausible completions for the partly
occluded stimuli. The completions of stimuli I and II represent both a global and a local
completion, whereas the completions of stimuli III and IV can be global or local.

To

reveal whether our

perceptually ambiguous

stimuli would

differentially affect early or late prehension kinematics, we analysed two
different kinematic measures. The first measure was the amplitude of the first
peak of the aperture acceleration profile, aApt, which occurs at about 20% of the
movement time and can be regarded as a relatively early indicator of the
grasping response that was planned. The second measure was the maximum grip
aperture, MApt, which occurs generally at about 2/3 of movement time, and
which can be regarded as a relatively late indicator of the planned grasping
response (Jeannerod 1984; Marteniuk et al 1990; Meulenbroek et al 2001;
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Smeets and Brenner 1999). In terms of Glover’s (2004) distinction between
planning and control we presumed that the former index would primarily reflect
planning processes and the latter potentially additional on‐line control processes
on the basis of, for example, haptic feedback processes. According to Glover
(2004), the influence of both these processes will rise and fall as the movement
unfolds. Peak grip acceleration, a size‐dependent parameter that occurs at
roughly 35% of movement duration (Jakobson and Goodale 1991; Jeannerod
1984), will reflect planning more than control (Glover 2004), whereas maximum
grip aperture, will reflect control more than planning (Glover 2004).
Only if the thin cylinder would lead to a smaller maximum grip aperture
and the thick one to a larger maximum grip aperture could we be sure that the
size information that we presented to the participants was reflected in their
grasping movements. If participants would use a local completion strategy we
should find similar MApt’s and aApt’s for stimuli I and III, and also for stimuli II
and IV. Local completion of the occluded parts of stimuli I and III would lead to
representations with identical thin central segments and local completion of the
occluded parts of stimuli II and IV would lead to representations with identical
thick central segments (see Figure 4.1). However, if subjects would adopt a
global completion strategy we expected the grasping movements to show similar
MApt’s and aApt’s in response to stimuli I and IV, and also in response to stimuli
II and III.

GRASPING EXPERIMENT
METHOD
Participants
Twenty‐eight participants, 4 male and 24 female, with ages ranging from
18 to 29 years (mean age = 23 years) participated in a grasping task after giving
their informed consent. All participants performed the grasping movements with
their preferred, right hand.

Material and Design
The participants were asked to repeatedly grasp, in darkness, a cylinder
with a fixed diameter. All grasping movements involved a precision grip, i.e. the
participants were instructed to grasp the target cylinder with the tips of the
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thumb and fingers rather than the palm of the hand touching the cylinder
surface. The to‐be‐grasped cylinder remained the same throughout the
experiment, but the stimuli of the partly occluded cylinders that we showed our
participants before each grasp varied.
Stimuli consisted of pictures of 3D‐cylinders and cylinder‐like objects
with a length of approximately 37.5 cm (8.8 degrees visual angle) and a diameter
of 1.4 or 2.8 cm (0.33 or 0.66 degrees of visual angle, respectively; see Figure
4.1). The centres of the stimuli were occluded by a 6.4 cm × 16.1 cm (1.5 × 3.8
deg of visual angle) white rectangle. We used two types of occluded stimuli:
stimuli that consisted of simple cylinders and more complex ones with
indentations or protrusions along the contour. Stimuli were designed such that
with the first type of stimuli, the so called global‐local convergent stimuli, both
local and global completion strategies converged to the same interpretation
(Figure 4.1, stimuli I and II), and with the latter, more complex global‐local
divergent stimuli, local and global completion strategies diverged to different
interpretations (Figure 4.1, stimuli III and IV). The local completion results from
a linear continuation of the contours at the points of occlusion whereas the
global completion takes account of the sequence of indentations and protrusions
in the visible parts of the cylindrical object. Our stimuli are related to the partly
occluded 2D shapes with indentations and protrusions that were used in a MEG
study by De Wit et al. (2006), which demonstrated that for the control stimuli,
both global and local completions converged to the same interpretation, whereas
for the experimental stimuli, global and local completions diverged to different
interpretations.
Participants sat comfortably at a black table, on a height–adjustable chair
with armrests. A projection screen stood on the table at a distance of 243 cm
from the participant. Stimuli were projected on the backside of the screen with a
Sharp, 60 Hz LCD projector. A target cylinder (diameter × height: 3.3 cm × 20 cm)
stood on the table within reaching distance at about 40 cm in front of the body
midline of the participant. A small piece of sandpaper indicated the starting
position for the right hand with which the grasps had to be generated. It was
stuck to the edge of the table at about 20 cm to the right from the participant’s
body midline. (see Figure 4.2)
Two Optotrak 3020 (Northern Digital, Waterloo, Canada) camera units
recorded the grasping movements during 2 s, from the go‐signal until the end of
the trials, with a sampling frequency of 100 Hz. Kinematics were deduced from

74

Grasping Partly Occluded Objects

three Infrared Emitting Diodes (IREDs) that were attached to the wrist
(processus styloideus radius) and the tips of index finger and thumb.

Procedure
After having received written and verbal instructions participants
performed several practice trials to familiarise themselves with the task and to
test whether all IREDs could be detected by the Optotrak system. After this, each
participant performed four blocks of 80 trials, each trial block lasting about ten
minutes, with short breaks in between. The room was darkened during each trial
block to prevent subjects from seeing the to‐be‐grasped cylinder. After every
block the room was lighted to prevent subjects from completely adjusting to the
darkness.
A stimulus was shown for 500 ms, after which a high‐frequency acoustic
go‐signal was presented either after 17 ms or after a 1000‐ms delay. The short
delay was used to put a time stress on the amodal completion process that we
assumed would follow stimulus presentation. The long delay was chosen under
the assumption that it would allow assessing any effects of the representations
becoming less accurate as a function of time. Participants were instructed to
grasp the target cylinder as if they were grasping the cylindrical object that was
previously projected, in the centre, i.e. the part behind the occluder. After the 2‐s
recording period was finished, a low‐frequency tone sounded indicating the end
of a trial. In‐between trials participants had to grasp a ‘recalibration bar’
between thumb and index finger before returning to the start position to wait for
the next trial.
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Fixation: 500 ms
Stimulus: 500 ms
x

Response cue: 50 ms
SOA: 17 or 1000 ms

x

time

Top view of table

Figure 4.2: Trial events in the grasping task. Note that the grasping of the recalibration
bar between trials is not depicted.

Even though participants were asked to repeatedly grasp one and the
same cylindrical object, we took two precautionary measures to ensure that
participants responded to the stimulus instead of using a response strategy like
performing the same grasping movement every trial. Our first measure to make
sure that participants responded to the stimuli was to vary the diameter of a
”recalibration bar”, a cylinder with a diameter of either 1.3 cm or 5.3 cm that was
attached to the table in a horizontal position, aligned with the participant’s
saggital plane, at approximately 20 cm to the right‐hand side of the participant’s
right shoulder. The recalibration bar was used to mask the haptic feedback from
the target cylinder. Participants grasped this recalibration bar in‐between trials
without vision and, by doing this, they got haptic feedback from a cylinder with a
diameter that was either 2 cm smaller or 2 cm larger than the target cylinder.
The second measure to make sure that participants responded to the
stimuli was to verbally prime participants to grasp a narrow cylinder in half of
the trials and to grasp a wide cylinder in the other half of the trials. This was
accompanied by varying the relative proportion of convergent trials with a small

76

Grasping Partly Occluded Objects

diameter stimulus (Figure 4.1, stimulus I) and a large diameter stimulus
(stimulus II) between blocks. All stimuli were shown in every block. The number
of trials with divergent stimuli III and IV remained constant across blocks (20
trials with each divergent stimulus), whereas the number of trials with
convergent stimuli I and II differed. This way, in half the blocks, stimulus I was
shown 10 times out of 80, and stimulus II 30 times, for the other half of the
blocks this ratio was reversed. Both the priming and the masking measures were
counterbalanced across conditions.

Data Analysis
The IRED‐position data were filtered using a dual‐pass, second‐order,
low‐pass Butterworth filter with a cut‐off frequency of 8 Hz. Missing data were
linearly interpolated. Begin and end of the responses were defined as the first
and last local minimum in the tangential velocity function of the IRED positioned
on the wrist, where the velocity reached a threshold value of 5% of the peak
velocity in that trial. Subsequently, per trial the maximum grip aperture (MApt in
cm) was determined. Then, time‐normalised velocity and acceleration‐profiles of
the grip aperture were computed. The first peak of the aperture acceleration
(aApt) that exceeded 10 % of the maximum acceleration of that trial was taken
as an early index reflecting the planned grasping response, based on the
interpreted diameter of the occluded stimulus part. We derived this variable by
means of a semi‐automatic Matlab procedure, which involved visual inspection
of the kinematics of every trial. To grasp a larger object, a larger initial aApt (and
MApt) is needed, as compared to grasping smaller objects. With this in mind, we
deduced whether a local or a global interpretation of the stimuli was used to
perform the grasping responses. This was evaluated by means of an ANOVA with
one factor (Stimulus(4)), and post‐hoc t‐tests for aApt and MApt.
To obtain a general measure for the individual completion preference
(local or global) of each participant, we computed the difference between aApt of
grasps in responses to stimulus III and the aApt of grasps in response to stimulus
IV. If the grasping responses were executed and guided based on a stable
perceptual representation, then both aApt(stim III – stim IV) and MApt(stim III –
stim IV) would reflect the same completion preference for every participant, i.e.
have the same sign for every participant. To check whether the completion
preferences we found using this method were not confounded by differences in
the variability of aApt and MApt within subjects, we computed the Coefficient of
Variance (CoV) per participant according to Eq.1 (see also Footnote 1). A higher
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CoV would imply a larger within subject variability. Only if the CoVs are equally
distributed across participants, we are sure that the (stim III – stim IV)‐
differences are not due to extreme variability in the response patterns of the
participants with the most pronounced local or global responses patterns. I.e.
both extremely variable completion preference and grasping behaviour and very
stable responses besed on an averaged completion preference can result in
aApt(stimIII‐stimIV) and MApt(stimIII‐stimIV) close to zero. In the statistical
analyses in this and the following experiment we used an alpha‐level of 0.05.

Eq. 1

Exclusion criteria
If five or more frames of one or more IREDs were missing, the data were
discarded, which was the case in 17.3 % of all trials. If less than five frames were
missing, position data were linearly interpolated. In addition, responses that had
started before the response cue and responses that ended too late (RT + MT > 2
s) were also excluded from the analyses. RT was defined as the duration of the
interval between the go‐signal and the start of the response, and MT was defined
as the duration of the interval between movement onset and the end of the
response. Trials with MApt or aApt that differed more than three standard
deviations from mean were considered outliers. Using this criterion trials with a
MApt > 11.3 cm, and trials with an aApt > 457cm/s^2 were excluded from
further analyses. As a result, another 4.1 % of the trials were excluded.

RESULTS
The results were not different for the 17 and 1000 ms‐delay conditions
(t(27) = 1.526; ns, and t(27) = 1.801; ns, for MApt and aApt respectively). and the
data were therefore pooled across this factor. We will return to the absence of
any effect of the time‐delay factor in the General Discussion.
Figure 4.3 shows the time‐normalised grasping kinematics for responses
to the four different stimuli, averaged across all participants. Convergent and
divergent stimuli are plotted in separate panels. The aperture‐time functions are
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plotted in the top panels, and the acceleration profiles are plotted in the bottom
panel.
Mean MApt was 7.7 cm (SE = 0.22 cm), and MApts for stimuli I, II, III and
IV were 7.5 cm (SE = 0.25 cm), 7.9 cm (SE = 0.24 cm), 7.7 cm (SE = 0.22 cm) and
7.8 cm (SE = 0.24 cm), respectively. A one way repeated measures ANOVA,
showed an effect of Stimulus: (F(3,81)= 3.234; p< .05). Post‐hoc paired samples
t‐tests showed a significantly larger MApt in trials with stimulus II than in trials
with stimulus I (t(27)=2.330; p < .05), thus confirming the sensitivity of our
paradigm. MApt did not differ between the divergent stimuli (t(27) < 1; ns).
Furthermore, the differences between stimuli I and III (t(27) = 2.261; p < .05)
and between stimuli II and IV (t(27) = 2.680; p < .05) were statistically
significant, whereas there were no differences between stimuli II and III
(t(27)=1.533; ns), and between stimuli I and IV (t(27)=1.523; ns), which reflects
the influence of global stimulus properties
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Figure 4.3: Time‐normalised grasping kinematics for convergent (left panels) and
divergent stimuli (right panels), averaged across all participants. The top row shows the
aperture and the bottom row shows the aperture acceleration. The inserts in each panel
show enlargements of the important peaks of the aperture and acceleration profiles.
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The difference between MApt for stimulus III and stimulus IV ranged from
‐3.32 cm to 1.16 cm (mean = ‐0.03 cm, SE = 0.13 cm), as is shown in Figure 4.4.
As mentioned before, we computed the Coefficient of Variance (CoV) per
participant in order to get an impression of the within‐subject variability of MApt
and aApt. Across the participants CoV for MApt ranged from 0.06 to 0.17 cm
(mean = 0.10 cm; see bottom panel of Fig. 4), which demonstrates that the

Max Aperture stim III-stim IV (cm)

between‐subject variation in MApt was larger than the within‐subject variation.

Max Aperture stim III – stim IV for each participant
2

global
0

-2

minus
-4

Coefficient of Variance

1.0
0.8
0.6
0.4
0.2
0

Figure 4.4: MApt differences between responses towards stimulus III and stimulus IV for
each participant are shown in the top panel. Participant numbers are depicted under and
above the bars.The lower panel shows the corresponding Coefficients of Variance for
every participant.

The average amplitude of the first peak of the aperture acceleration
(aApt) was 150.1 cm/s^2 (SE = 13.3 cm/s^2) and aApt’s for responses to stimuli
I, II, III, and IV were 144.5 cm/s^2 (SE = 13.2 cm/s^2), 155.9 cm/s^2 (SE = 14.0
cm/s^2), 148.4 cm/s^2 (SE = 13 cm/s^2) and 151.4 cm/s^2 (SE = 14.3 cm/s^2),
respectively (One way ANOVA: F(3,81) = 2.000; p = .12). Note that the peak aApt
values shown in Fig. 3 are the result of having averaged time‐normalised
aperture acceleration‐time functions whereas the average peak aApt values
listed here were obtained by averaging the peak grasp‐acceleration values
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observed in the first phase of the grasping movements irrespective of the
(relative) moment at which they occurred. Since aApt peak values could occur at
any moment between 15% and 35% of MT, their peak value of, on average, 150
cm/s^2 dropped to around 50 cm/s^2 due to the averaging across trials. Paired
samples t‐tests showed a marginal difference between aApt in trials with stimuli
I and II (t(27) = 1.861; p = .074) and no difference between stimuli III and IV
(t(27) < 1; ns).
Similar to the MApt, we also computed the aApt‐difference and CoV for
each participant: aApt(stimIII) – aApt(stimIV) ranged from ‐55.5 cm/s^2 to 65.8
cm/s^2 (mean = ‐ 3.0 cm/s^2, SE = 4.7 cm/s^2), and CoV for aApt ranged from
0.34 cm/s^2 to 0.96 cm/s^2 (mean = 0.58 cm/s^2) , both are shown in Figure
4.5. Again, the CoV of the aApt data confirmed that the between‐subject variation
in aApt was larger than the within‐subject variations in this parameter.
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Figure 4.5: aApt differences between responses towards stimulus III and stimulus IV for
each participant are shown in the top panel. Participant numbers are depicted under and
above the bars and the lower panel shows the corresponding Coefficients of Variance for
every participant.
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The relationship between the aApt and MApt was analysed by computing
the correlations between these two measures for every stimulus. In all cases
there was a positive correlation between the early and late kinematic measures.
Pearson correlation coefficients (N = 28) for the convergent stimuli were
significant for both stimulus I (r = .466; p < .05) and stimulus II (r = .588; p < .01),
as were the correlation coefficients for the relationship between aApt and MApt
in responses to the divergent stimuli III (r = .400; p < .05) and IV (r = .637; p <
.01). Correlations between the two kinematic measures, computed for each
participant, and for every stimulus separately, were positive and significant
(p<.05) for all but one participant.
The correlation between the MApt‐difference for stimulus III and IV (see
Figure 4.4) on the one hand and the aApt‐difference for these stimuli on the
other (see Figure 4.5), determined to compare the completion preference early
and late in the responses for each participant separately was also positive (r =
.546; p < .01). Comparing CoV for both measures, it is clear that aApt had a larger
variability. The bottom panels of Figures 4.4 and 4.5 show that this variability
was unrelated to the difference between the MApt‐difference for stimuli III and
IV nor was it related to the difference between the aApt‐difference for these
stimuli.

DISCUSSION
The critical test for the viability of our paradigm was whether it could
distinguish between the two convergent stimuli. To summarise the results, both
the early and late kinematic measures reflected the difference in stimulus width
between stimuli I and II. Responses to the thin convergent stimuli were different
from responses to the thick convergent stimulus. This was strongest reflected in
the MApt differences. Furthermore, mean MApt to stimulus III was larger than to
stimulus I and mean MApt to stimulus IV was smaller than to stimulus II whereas
MApt did not differ between stimuli II and III and between stimuli I and IV,
showing that not only local, but also visible global stimulus properties had an
influence on the grasping movements under study. Moreover, the two kinematic
measures aApt en MApt correlated positively. And the between‐subjects
variation was larger than the within‐subjects variation, as reflected by the CoVs.
This confirmed that the rank order of completion preferences from local to
global was not caused by differences in within‐subject variation.
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A potential objection to the correlations we found could be the large and
consistent differences for the two participants (19 and 3) at the one extreme and
the two participants (11 and 12) at the other extreme. To address this point, we
recalculated this analysis for all but the four participants at the extremes of the
local‐global spectrum. Removing participants from a dataset always affects the
statistical power, and the correlation was indeed no longer present (N=24, R=‐
3.257, p=0.12). However, the rationale behind the analyses was that participants
of which the aApt reflected a strong preference for a specific type of completion,
would show a similar preference as measured by the MApt. Considering this, we
computed Spearman rank‐order correlations that ignored the size of the
parameter differences. Spearman’s rho computed across all 28 participants
showed a positive trend (N=28: rho = .335; p = .08) but when we removed the
four participants 3, 11, 19 and 20 it proved still positive and significant (N=24:
rho = .419, p < .05). Therefore, we argue that the four participants at the
extremes of the spectrum were not outliers, and our claim, that a specific
completion preference was reflected both in the early and late kinematic
measure remains valid.
Before we discuss the results of our grasping experiment further, we first
present the control experiment that was set up to test the relative completion
preferences for the stimuli used in this study, and more specifically, to check the
perceptual ambiguity of our divergent stimuli.

PERCEPTUAL CONTROL EXPERIMENT
METHOD
Participants
Twenty participants, eight male and twelve female, with ages ranging
from 19 to 32 years (mean age = 23 years) participated in this experiment for
remuneration or course credit after giving their informed consent. None of them
had participated in the grasping experiment.

Material and Design
We opted for a so‐called speeded simultaneous‐matching task to
determine participants’ preferences for completions of occlusion stimuli (e.g.
Gerbino and Salmaso 1987; Van Lier et al 1995b). The occlusion stimuli that
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were used were identical to the images of the occluded cylindrical objects that
were used as stimuli in the main experiment (see Figures 4.1 and 4.7). The test
shapes consisted of unoccluded cylindrical shapes. These cylindrical shapes were
created by either linearly extending the partly occluded contours or by
introducing an additional protrusion or indentation behind the occluder. For the
divergent set this procedure resulted in local and global cylindrical objects, and
for the convergent set this procedure resulted in either the simple cylindrical
shapes (local and global convergent) or in irregular shapes (see inserts in Figure
4.7). Stimuli were about 1.4 cm (wide segments) and 0.7 cm (narrow segments)
wide and 19.5 cm high (visual angle: 12 degrees). During this task, participants
sat at a distance of about 80 cm behind a 19” computer monitor in a dimly lit
room.
A timeline of the trial events of this experiment is shown in Figure 4.6.
Every trial started with a fixation cross in the centre of the screen, on which
participants were instructed to focus. Then, a partly occluded shape (occlusion
stimulus) was displayed 6.5 cm left from the centre for 500 ms, after which an
unoccluded test shape appeared next to the occlusion stimulus at 6.5 cm to the
right side of the centre. The whole stimulus display with both occlusion stimulus
and test shape was 19.5 cm x 19.5 cm. Participants were requested to judge
whether the test shape could be identical to the occlusion stimulus or not, as
soon as the test shape appeared. Participants responded by pressing a button on
a button box that stood on the table in front of them. They were instructed to
press the right (‘yes’) button with their right index finger when the test shape
was a possible completion of the occlusion stimulus, and to press the left (‘no’)
button with their left index finger when the test shape was not a possible
completion of the occlusion stimulus. The button box had a 1‐ms accuracy.
The test shape was a possible completion of the occlusion stimulus in half
the trials (match trials), but not in the other half of the trials (no‐match trials).
The reaction times observed in the matching task provide information about the
relative preferences of the different completions. While composing the non‐
match trials we followed the same procedure as applied in (Gerbino and Salmaso
1987; Van Lier et al 1995b). The non match trials were composed such that
occlusion stimuli were paired with completions of a different occlusion stimulus
(e.g. occlusion stimulus III with the global completion of stimulus IV). The
relevant experimental conditions, i.e. the match trials, were composed as follows:
Trials could have occlusion stimuli that were convergent or divergent (Stimulus
type), and test shapes could be the result of a linear continuation of the partly
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occluded

contours

behind

the

occluder,

or

have

an

additional

protrusion/indentation at that position (Completion). As a result, test shapes for
the divergent occlusion stimuli were either local or global completions, whereas
test shapes for the convergent stimuli could be either simple cylinders or
irregular shapes with an indentation or protrusion in the middle.
Each trial started with an occlusion stimulus that was presented for 500
ms, after which a matching or non‐matching test shape appeared next to
occlusion stimulus (see Figure 4.6). All occlusion stimuli and corresponding test
shapes of match‐trials are shown in Figure 4.7. Each combination of occlusion
stimulus and test shape was replicated five times, resulting in a total of 80 trials
for the whole experiment. Participants were given short breaks after the 30th
and the 60th trial. We expected shorter RTs for the most preferred
interpretation.

Fixation: 1000 ms

+

Occlusion stimulus: 500 ms

Test shape < 5 s

time

Figure 4.6: Trial events in the Perceptual Control Experiment.

Data analysis
The main dependent variable in this task was the reaction time (RT) in
the match trials with correct responses. RTs were compared between convergent
and divergent stimuli and between local and global test stimuli, and evaluated by
means of a 2 x 2 (Stimulus type x Completion)‐repeated measures factorial
ANOVA.
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RESULTS
We analysed only trials in which a correct response was given. Using this
criterion, 4 % of all match trials was excluded.

Reaction Times
Overall RT ranged from 366 to 4629 ms, mean = 1198 ms (SE = 25 ms).
Figure 4.7 shows RT for the two completion types for the convergent and
divergent occlusion stimuli on all match trials. The 2 x 2 (Stimulus Type x
Completion)‐repeated measures ANOVA showed that (1) responses to
convergent stimuli (RT = 995 ms, SE = 29 ms) were faster than responses to
divergent stimuli (RT = 1405 ms, SE = 39 ms) (F(1,19) = 55.982; p < .01), (2) no
main effect of Completion (F(1,19) = 2.178; ns), and (3) a significant interaction
between Stimulus Type and Completion (F(1,19) = 16.769; p < .01).
**
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Figure 4.7: Reaction times for all convergent and divergent occlusion stimuli and

test shapes in match trials, averaged across all participants. Every bar represents
RT, averaged across the trials with the test stimulus that is shown at the base of
each bar. Error bars indicate SE (**: p < .01).

Paired samples t‐tests showed that, for the convergent stimuli, RTs were
shorter in match trials with simple test shapes, as compared to trials with
irregular test shapes (t(19) = 3.592; p < .01), but there was no RT difference
between the two divergent conditions (t(19) = ‐1.435; ns). Note that the RT
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difference between the two types of convergent test shapes confirms the
sensitivity of the simultaneous matching paradigm.
Completion preferences for the divergent stimuli differed between
participants. Twelve participants had on average shorter RTs in trials with global
completions as compared to the trials with local completions, whereas eight
participants had on average shorter RTs in trials with local completions.

DISCUSSION
The results of the control experiment confirmed our expectations. For the
convergent stimuli, reaction times were shorter for preferred completions. For
the divergent stimuli, local and global completions did not yield statistically
significantly reaction time differences. In line with Gerbino and Salmaso (1987),
and Van Lier et al. (1995b) this suggests that both forms of completion are about
equally probable. This might explain why twelve participants preferred global
completions and the other eight participants preferred local completions, a
similar distribution as observed in our grasping experiment.

GENERAL DISCUSSION
The goal of this study was to see if partly occluded stimuli differentially
affect early or late kinematic measures of grasping movements. For this purpose
we conducted an action experiment with perceptually ambiguous, partly
occluded cylindrical stimuli, and an additional perceptual control experiment. In
the action experiment, participants had to perform grasping movements in
response to partly occluded cylindrical stimuli.
The results of the control experiment showed that, as expected, responses
towards convergent trials were faster than responses towards divergent trials.
The divergent stimuli resulted in longer processing time reflecting their greater
complexity. Because partly occluded objects are often interpreted as wholes
(Bruno et al 1997; De Wit and Van Lier 2002; Gerbino and Salmaso 1987; Sekuler
and Palmer 1992; Van Lier 1999; Van Lier et al 1995b), seeing the occlusion
stimulus would facilitate recognition of the most plausible completed test shape.
The comparison judgements can be made quicker if the test shapes are being
recognised more easily. On the other hand, if the occlusion stimuli elicit both
local and global interpretations that are about equally likely, then no RT‐
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difference is to be expected between the two divergent conditions. In general, the
direction in the difference in response time between two completions is
inversely related to the difference in preference (Van Lier et al 1995b). In our
control experiment, we found the expected RT‐differences for the convergent
stimuli, and no overall difference in RT between the global and local test shapes
for the divergent stimuli.
The diameter of the target cylinder was not matched to the width of the
visual stimuli. This way, participants knew that the target size was unrelated to
the visual stimuli and they also knew that they grasped the same object time
after time. Even, despite this knowledge, the data of the grasping responses to
the two convergent stimuli confirmed that our participants indeed followed the
instructions “to grasp the target cylinder as if they grasped the visually
presented stimulus behind the occluder”. Although the participants grasped the
same physical object in each trial, their grasping responses were influenced by
the stimulus diameter (see also Footnote 2). The analysis of the responses to the
two convergent stimuli showed that the perceptual interpretations of these
partly occluded stimuli were as predicted: significantly smaller aApt and MApt
for the thin stimulus (stimulus I) as compared to the thick stimulus (stimulus II).
This sensitivity demonstrated that our paradigm was an effective tool to study
grasping movements to partly occluded stimuli.
Having established that our paradigm was viable, we can look at the
influence ambiguous perceptual information has on early and late kinematics of
the grasping responses. As we explained in the Introduction, local
interpretations result from continuations of the contours behind the occluder
and would lead to identical results for stimuli I and III and also for stimuli II and
IV. Evidently, the experimental results show that this was not the case.
Responses to stimulus III had on average a significantly larger MApt than
responses to stimulus I, and responses to stimulus IV had on average a
significantly smaller MApt than responses to stimulus II, whereas MApt did not
differ between stimulus II and III and also not between stimulus I and IV.
Therefore we can conclude that some process of perceptual integration of overall
shape aspects took place, and that global stimulus properties did play an
important role in establishing a representation of the stimulus that was used to
guide the responses. It should be noted that an influence of the global stimulus
properties implies that the general visible properties of the whole stimulus are
taken into account to form a complete representation. Possibly, contributions of
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different types of visual information are weighted, depending on the competition
Van Lier et al. (1995b) proposed.
The different kinematic profiles for the convergent and divergent stimuli
show that the perceptual difference between the two stimulus categories
affected grasping behaviour. That is, not only the width of the contours near the
region of occlusion plays a role, but also the larger context of the stimuli, i.e. the
overall regularity of the contours. Note that various computational completion
models (Fantoni and Gerbino 2003; Kellman and Shipley 1991; Singh and Fulvio
2005) are based on local contour properties and do not take global properties
(like overall symmetry etc.) of the partly occluded objects into account.
Perceptual research has already stressed the importance of global stimulus
attributes (De Wit et al 2006; De Wit and Van Lier 2002; Van Lier et al 1994), and
now our grasping experiment shows that the susceptibility to global shape
characteristics also affects the action domain. In daily life, such global object
properties probably elicit top‐down processes that enable us to recognise and
act on objects around us.
In the trials with convergent stimuli, there is no reason to assume that a
complex perceptual process interpreting the visual stimulus might have
influenced the continuation of the grasping response after its initiation. Thus, the
positive correlations between the two kinematic measures in the convergent
condition indicate that it was correct to analyse aApt as an ‘early’ alternative for
the more commonly used but relatively ‘late’ MApt. This is especially valuable in
cases where one is specifically interested in processes that take place shortly
after planning, and early on in the grasping response. The fact that we found
positive correlations between aApt and MApt for both the convergent and
divergent stimuli suggests that the movements of our participants were
influenced by the same output of the perceptual process. Thus, ambiguity of the
stimuli did not seem to have played a role during the grasping responses. The
stable perceptual representation of the stimulus that was formed before
response onset, resulted in a plan for action that didn’t change after response
onset. Moreover, neither aApt nor MApt was bimodally distributed, thus, we can
be sure that the divergent stimuli were not represented in a perceptually
bistable manner.
The positive correlations we found between the early and late kinematic
measures proved to be independent from the initial ambiguity of the stimuli
despite the fact that the stimulus ambiguity resulted in opposing completion
preferences across participants. One could argue that the local‐global variations

89

Chapter 4

shown in Figures 4.4 and 4.5 are normally distributed with means of
approximately zero. However, the bottom panels of Figures 4.4 and 4.5 show that
although the coefficients of variance varied remarkably between participants,
the size of these coefficients was not related to the size of the MApt(stimIII –
stimIV) difference and aApt(stimIII – stimIV) difference. This supports our idea
that the contrasts we computed are not due to extreme variability in the
response patterns of the participants with the most pronounced local or global
responses patterns. The fact that the time delay of either 17 or 1000 ms between
the presentation of the stimuli and the go‐signal that prompted the grasping
response, did not have any performance effects also shows that the amodal
completion process yielded stable representations, the formation of which took
less time than the prehension latencies.
The experimental setups of the control experiment and the grasping
experiment differed primarily in terms of the visual angle with which the stimuli
were presented. However, we did not set out to quantitatively compare the
results of both experiments but the control experiment was aimed to assess the
strengths of preferences for both types of stimulus completion. Despite the
differences between the two experiments, and the fact that a representation of a
visual stimulus can be highly task‐dependent, participants of both experiments
showed qualitatively comparable behaviour that reflected the non‐ambiguity of
stimuli I and II and the ambiguity of stimuli III and IV.
In sum, we conducted a study investigating the effects of amodal
completion on early and late kinematic features of grasping movements. The
perceptual ambiguity of our stimuli was conveyed in the grasping data, and the
results of both tasks showed an overall influence of global stimulus
characteristics, but no overall preference for global or local completions,
confirming the high degree of ambiguity of our stimuli. Moreover, the data of
both experiments show that, with strongly ambiguous stimuli, completion
preferences can differ remarkably between individuals, showing sensitivity to
the overall shape and not just to the local creation of edges at points of occlusion.
This is in contrast with theories of completion that focus at local contour
properties (Fantoni and Gerbino 2003; Kellman and Shipley 1991). Thus, also
with grasping movements towards a single object, in response to a partly
occluded, ambiguous stimulus, a stable perceptual representation of the earlier
seen stimulus is used, which is influenced by global stimulus properties.
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FOOTNOTES
1.

It could be argued that the CoV should be computed by dividing the
difference between the SDs by the difference between the means. However,
when the difference between the means reaches zero, this would increase
the CoV disproportionally. For this reason, we decided to compute the CoV
based on the sum of SDs divided by the sum of means.

2.

It should be noted that the 0.4 mm difference between MApt in the two
convergent conditions is slightly smaller than would be predicted on the
basis of grasping responses towards real, non‐occluded cylindrical targets
of similar size. MApt for a grasping response towards a real non‐occluded
target would increase about 0.8 times with increasing target diameter
(Marteniuk et al 1990; Smeets and Brenner 1999), in our experiment MApt
increased only with factor 0.3 as a function of stimulus diameter. MApt in
our task probably resulted from a combination of the size of the partly
occluded cylinders, the size of the target cylinder, and the distance at which
the stimuli were projected. Still, our grasping task has proven to be able to
distinguish between grasping responses to stimuli of different widths. Also
the MApt occurs a bit earlier (at 61% of MT) as compared to normal
grasping responses, but this moment was not affected by the stimulus
conditions.
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ABSTRACT
Grasping an object succesfully implies avoiding colliding into it before the
hand is closed around the object. The present study focuses on prehension
kinematics that typically reflect collision‐avoidance characteristics of grasping
movements.

Twelve

participants

repeatedly

grasped

vertically‐oriented

cylinders of various heights, starting from two starting positions and performing
the task at two different speeds. Movements of trunk, arm and hand were
recorded by means of a 3D motion‐tracking system. The results show that
cylinder‐height moderated the approach phase as expected: small cylinders
induced grasps from above whereas large cylinders elicited grasps from the side.
The collision‐avoidance constraint proved not only to be accommodated by
aperture overshoots but its effects already showed up early on as differential
adaptations of the distal upper limb parameters. We discuss some implications of
the present analysis of grasping movements for designing anthropomorphic
robots.

INTRODUCTION
Grasping objects is a task that people perform almost on a continuous
basis. Such a seemingly simple task proves extremely complex when it comes to
computationally describing the mechanisms that allow us to do so. For example,
when developing anthropomorphic robots. Numerous studies have scrutinised
the kinematics of this basic human motor skill, often quantifying typical
kinematic landmarks such as peak velocities of the wrist trajectory that vary
systematically as a function of (I) the distance between the starting location of
the hand and the position of the to‐be‐grasped object, and (II) the evolution of
the grip aperture, of which the size and timing vary systematically as a function
of the size of the to‐be‐grasped object (Jeannerod 1981; Jeannerod 1984;
Paulignan, Frak, Toni and Jeannerod 1997; Smeets and Brenner 1999;
Meulenbroek et al. 2001; Smeets and Brenner 2001; Cuijpers, Smeets and
Brenner 2004) .
First we will give some background on research that focusses on collision
avoidance behaviour in human prehension. Next, we describe collision avoidance
techniques that are used in robotic manipulators including the ARoS
(Anthropomorphic Robotic System), which is an anthropomorphic robotic
system that was built on the Mobile and Anthropomorphic Robotics Laboratory
group at University of Minho, Portugal (ARoS, Silva, Bicho, Erlhagen 2008). We
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will conclude our paper with a discussion of the implications of our experimental
results for robotics, we show that our anthropomorphic robot (ARoS) is capable
of reproducing human movement characteristics, thus facilitating interactions
with humans, and we discuss some implications.

Obstacle Avoidance in Humans
Only few prehension studies take into account the ways in which grasping
movements are tuned to avoid collisions with the target object or any
intermediate object (see e.g. Vaughan, Rosenbaum et al. 2001, Butz, Herbort and
Hoffmann 2007). The present study was conducted to fill this gap. Additionally,
the collision‐avoidance component of grasping forms an essential ingredient of
the posture‐based motion planning theory developed by Rosenbaum,
Meulenbroek, Vaughan and Jansen (2001). This theory states that the aperture
overshoots that are commonly observed when the hand shapes around to‐be‐
grasped objects, or any other biphasic component of the movement pattern, are
due to the collision‐avoidance constraint inherent in grasping. This claim also
prompted the present study.
It is still not fully understood how the human prehension system copes
with collision avoidance. Some studies focussed on reach‐to‐grasp movements in
the presence of distractor objects that may have acted as obstacles (Meegan and
Tipper 1998; Kritikos, Bennett, Dunai and Castiello 2000). In these studies it was
observed that the hand trajectory veered away from intermediate distractors.
This tendency was regarded as an interference effect related to the inhibition of a
planned movement towards the distractor. Humans smoothly adjust movements
of their effector system to circumvent obstacles by planning a movement through
a 'via point'(Edelman and Flash, 1987), or 'via posture' (e.g. Rosenbaum et al.,
2001). Meulenbroek et al. (2001), emphasised, that in order to avoid collisions
with intermediate objects while grasping a target object, moving around the
obstacle requires a biphasic component that, when superimposed on the default
movement plan that will bring the hand to the target in the absence of the
obstacle, ensures that the obstacle is avoided with an accepable spatial tolerance
zone (see also: Vaughan, Rosenbaum et al. 2001). It should be noted that these
models ignore the fact that an endposture depends both on start point and
trajectory, a recent paper by Butz et al. (2007), describes a model
(SURE_REACH), which adds a neural‐based, unsupervised learning architecture
that grounds distance measures in experienced sensorimotor contingencies. In
this model, an obstacle representation can inhibit parts of the hand space,
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causing the arm to generate alternative movement trajectories when the
inhibition is propagated through to posture space.

T

30 cm

S2
17 cm

17 cm

17 cm

10 cm

S1

Figure 5.1: Top view of experimental setup. ‘S1’ and ‘S2’ indicate the starting positions, and ‘T’ the
target location.

Another way we manipulated the risk of collision was to vary the height of
the target cylinders between 1 to 15 cm. Conceivably, collision with the
shallowest cylinders is easily avoided by moving the fingers over the target
cylinder before grasping it, whereas such a grasping strategy would probably be
inefficient for the tallest cylinders. For the tallest cylinders, a lateral approach of
the hand was expected since lifting the arm upwards against gravity to
manoeuvre the hand above the cylinder top, was considered energetically
suboptimal.
In the present study, we focus on how grasping movements of which the
collision‐avoidance characteristics were varied, are executed. To manipulate the
degree with which target objects itself acted as obstacles, we chose two starting
positions at equal distances from the target location (see Figure 5.1). One from
which a straight hand movement would suffice for a safe and succesful grasp, and
one from which additional arm‐configuration adjustments were needed in order
to prevent a collision of the hand with the target. In line with Meulenbroek et al.
(2001), we expected movements with the right hand, starting to the right from
the target (S2) to elicit a smaller effect of the collision avoidance constraint on
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the grasp (i.e. less or no additional arm‐configuration adjustments) than
movements starting from the left of the body midline (S1).

Collision Avoidance in Robotics
The simplest way to model a grasping movement would be to compute
the required hand trajectory or joint rotations necessary to move from the
starting posture to the final posture. This can result in succesful grasps in some
cases but will often result in a movement during which part of the effector
system will collide, or even virtually move through the target object. Knowledge
about how humans adjust their movements when avoiding collisions with
obstacles is necessary if one attempts to develop robots that can safely interact
with humans (Erlhagen et al. 2006). The latter challenge for roboticists formed
the applied context that inspired the present study.
Typically, the human arm is modelled as a rigid stick‐Figure of seven
degrees of freedom (DoF): three DoFs in the shoulder, one in the elbow, and
three in the wrist. Only six DoF are needed to describe the position and
orientation of the hand in Cartesian space (x, y, z, and Rx, Ry, Rz). Thus one
degree of freedom remains that enables multiple joint configurations to result in
the same hand position and orientation. This allows us to smoothly avoid
obstacles or to choose the most efficient movement path out of numerous
possibilities. It should be noted that the hand itself also has many degrees of
freedom and that stretching and flexing of the fingers also plays a role in obstacle
avoidance behaviour. But for this paper we focus on the upper limb with only
two fingers as 'gripper'. We use an anthropomorphic robotis system (ARoS, Silva
et al., 2008), with a similar configuration for simulating reaching and grasping
cylindrical objects in 3D space, as described below.

Antropomorphic Robotic System (ARoS)
The ARoS model is based on observations from experiments studying the
human upper limb: (I) movement planning is done in joint‐space (Osheron,
Kosslyn and Hollerbach 1990; Rosenbaum 1990), (II) joints move in synchrony
(Klein Breteler and Meulenbroek 2006); (III) planning of a reaching and grasping
movement in joint space is divided into two sub‐problems: (a) end posture
selection and (b) trajectory selection (Meulenbroek, et al. 2001; Rosenbaum et al.
2001; Elsinger and Rosenbaum 2003) (see footnote 1), (IV) end posture is
computed prior to trajectory (Gréa, Desmurget and Prablanc 2000; Elsinger and
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Rosenbaum 2003), (V) end posture varies as a function of

initial posture

(Soechting, Buneo, Herrmann and Flanders 1995; Fischer, Rosenbaum and
Vaughan 1997), and (VI) obstacle avoidance is incorporated by a mechanism that
superposes two movements: a direct movement from the initial to the end
posture and a via movement from the initial posture to the via posture and back
(Rosenbaum, Meulenbroek et al. 1999; Meulenbroek, Rosenbaum et al. 2001;
Vaughan, Rosenbaum and Meulenbroek 2006). First, the most adequate end
posture is determined by choosing the posture that can be obtained such that the
object is successfully grasped without collisions with any obstacle or the target
itself at the moment of grasp, with a minimum displacement of the joints from
begin to the end of the movement. Different joints may have different expense
factors that contribute differently to the selection of end posture and trajectory.
Next, the trajectory of the joints is computed. We applied the minimum
jerk principle to the joints of the arm and hand, such that the default movement
of the joints follows a bell‐shaped unimodal velocity profile, resulting in a
smooth straight‐line movement in joint space. If this direct movement does not
lead to collisions with obstacles, the movement is performed, otherwise a 'via
movement' is added to the default movement by finding a detour through joint
space that is collision‐free. This via movement is a back‐and‐forth movement
from the initial posture to a promising via posture and back again to the initial
posture. The 'via movement' is superimposed on the direct movement and both
are performed simultaneously.

METHOD
Participants
Twelve participants, (4 male, 8 female), ranging in age between 20 and 34
years (mean = 28 years) were included in the analyses of this study. All
participants participated for course credit or remuneration after giving their
informed consent.

Procedure
Participants sat comfortably at a table on a height adjustable chair and
they were asked to make prehension movements from one of two
startingpositions and to grasp a target cylinder that could vary in height. The
table was mounted with a board, on which two small strips of sandpaper were
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stuck to indicate the starting positions, and a circular hole was sawn out to
indicate the target position (see Figure 5.1).
Participants started each trial with the index finger of their right hand
aligned with one of the two strips of sandpaper that indicated the start locations.
Upon hearing the auditory 'go'‐signal, participants moved their right hand from
one of two start locations to the target cylinder, grasped the target between
thumb and index finger, and, as soon as a second auditory cue sounded, lifted the
target briefly put it back on the table, and returned their hand to the start
location (see Figure 5.2).
During the response sequence we recorded the 3D movements of the
index finger, thumb, hand, wrist, upper arm, and trunk, and we evaluated various
kinematic variables normalised in time.
Movements were recorded by means of two Optotrak camera units
(Optotrak 3020, Northern Digital). Recordings were made for 5 s with a sampling
frequency of 100 Hz, of the trunk, upper arm, wrist, hand, and thumb and index
finger. The thumb and index finger trajectories were recorded using single
markers that were attached to the tips of the nails of these digits. All other
movements were recorded by means of rigid bodies (RB). RBs consist of
minimally three IRED markers (the wrist and hand RB had four IREDs) at fixed
positions relative to each other. This enables recording of not only the spatial
location, but also the spatial orientation (Euclidean rotations around the x, y, and
z‐ axes, see: Bouwhuisen, Meulenbroek et al. 2002). A specific calibration
procedure allowed us to look at the relative orientations of the body segments
making up the kinematic chain of the arm, hand and fingers. The orientation of
the upper arm RB was recorded relative to the orientation of the trunk RB, the
orientation of the wrist RB was recorded relative to the upper arm RB, and the
orientaton of the hand RB relative to the wrist RB. This way, the upper arm RB
rotations give an estimate of the rotations in the shoulder joint around three axes
in Cartesian space (Bouwhuisen, Meulenbroek and Thomassen 2002). The
displacements of the individual markers and the trunk RB were recorded relative
to an external reference frame with the x‐axis was aligned with the horizontal,
frontoparallel line, the y‐axis with the horizontal, midsaggital line, and the z‐axis
with the vertical.
In order to induce obstacle avoidance behaviour during this task, we
manipulated two factors, the Starting Position and the Target Height. We used
eight different target cylinders with a diameter of 4.5 cm that were 1, 3, 5, 7, 9,
11, 13 and 15 cm tall. The central Starting Position (S1) was about 17 cm directly
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in front of the body midline on the tabletop and the lateral starting position was
about 17 cm laterally in front of the shoulder. The target location was at about 47
cm distance from the trunk and at equal distance from the two start locations
(see Figure 5.1). In order to induce different movement speeds, we also
manipulated the response window, i.e. the interval in which participants had to
perform their grasping movements. We did this because we assumed that extra
time stress would force/stimulate the participants to use the most efficient
movement plans (Rosenbaum et al. 2001).

Design
In every alternating block the Starting Positions changed, and eight
Cylinder Heights were quasi‐randomly repeated twice. Every participant
performed 196 trials, run in twelve blocks of 16. The response window, i.e. the
time interval between the starting cue and the lifting cue changed after half of
the trials. Half the participants started with the fast condition (i.e. 1.5 s
prehension interval), and the other half of the participants started with the slow
Fcondition (2 s prehension interval).

♪

time
ITI

Start cue

♪
Lift & return cue

New trial

Figure 5.2: Timing of trial events. A top‐view example of a trial starting from S1 (left panel). As
soon as the start cue sounds, the participant reaches out and grasps the target cylinder (central
panel). Then the participant waits until the second auditory cue is sounded, lifts the cylinder, puts
it back on the table, and returns to the starting position to prepare for the next trial (right panel).
(ITI = Inter‐Trial Interval).

Analyses
Position and rotation data were linearly interpolated in case of missing
data (which occurred infrequently and never more than 10 successive samples),
and filtered by means of a Butterworth filter with a cut‐off frequency of 12 Hz.
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Computed velocities were filtered with a cut‐off frequency of 8 Hz. Trials with
too many missing samples were excluded from further analyses, in total (2.7\%)
of all trials.
We only analysed the first part of the response sequences, i.e. the
movements from start to the end of the grasp. Begin and end of this movement
phase were deduced from the tangential velocity of the grip, defined as the
magnitude of the first derivative of the mean position of thumb and index finger
(as measured by the respective IREDs). The start of the movement was defined
as the last local minimum in the tangential grip speed profile before it exceeded
the threshold of 5\% of the maximum tangential grip speed, and the end of the
movement was defined as the first local minimum in the speed profile after it
dropped below this threshold again (after the maximum velocity was reached).
After the beginning and end of the prehension phase were determined, all
displacements, rotations, and derived variables were normalised to time and
resampled to 50 samples.
Because we were interested in different grasping strategies, we looked at
the ways participants approached the cylinders, i.e. whether they approached
the cylinder with their hand from the side, or whether they moved their hand
over the top of the cylinder before completing their grasping. To this aim, we
analysed the locations of the fingertips relative to the centre of the hand ‐as
defined by the rigid body of IREDs attached to it‐ in the horizontal plane. The
cylinder is defined as a circle with a radius of 2.25 cm centered at the origin. The
finger trajectories were translated such that the final locations of thumb and
index finger were positioned on the cylinder. We also determined the amount
with which the line connecting the location of the index finger and the centre of
the hand swept across the circle that defined the cylinder's top. Trials in which
this occurred, were labelled as Overlap (OL) (see Figure 5.3A for an example)
and all other trials, in which the cylinder was approached and grasped from the
side, were labeled as No Overlap (NoOL).
The most important variable we manipulated to induce obstacle
avoidance behaviour was the cylinder height. Because we expected the grip
height to depend on the target height, we first looked at the grip height in time.
Grip height is the mean z‐coordinate of thumb and index markers, and therefore
a good indicator of the behaviour of the most distal part of the effector system.
Because we aimed at inducing obstacle avoidance behaviour, which we
also expected to be reflected in biphasic velocity profiles, we also studied the
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tangential velocity profiles of the grip (i.e. the average position of the thumb and
index markers).
Since participants were instructed to start their responses with their hand
flat on the table top, it is also interesting to study the change in hand orientation
in time. To this aim, we computed the hand plane angle (HPA). HPA was defined
as the angle between the horizontal plane and the plane that is defined by the
marker of the hand RB closest to the MCP‐II joint, the index marker, and the
thumb marker. A horizontal position (palm down) is defined as 0 deg, and a
vertical orientation with the thumb down is defined to be 90 deg. We expected
the HPA to start near horizontal, to become more vertical during the prehension
phase, and rotate back to a more horizontal posture towards the end of the
grasp.
Because we expected differences in obstacle avoidance to be reflected in
the relation between proximal and distal parts of the effector system, we
contrasted the HPA with the arm plane angle, which is defined as the angle
between the horizontal plane and the plane that is spanned by the vectors
denoting the upper arm RB and the wrist RB.
To compare the proximal and distal involvement (i.e. the shoulder and
wrist) in the grasping movements at joint level, we computed the net shoulder
(Rs) and wrist (Rw) rotations as the square root of the sum of the squared
rotations around the x, y, and z‐axes of the upper arm RB relative to the trunk RB
(Rs), and of the hand RB, relative to the wrist RB (Rw), as described in Eq. 1.

R S ,W =

(R

2
x

+ R y2 + R z2

)

(1)

where for the shoulder rotation (Rs), Rx, Ry, and Rz are the rotation
angles of the upper arm RB relative to the trunk RB, and for the wrist rotation
(Rw), Rx, Ry, and Rz are the rotation angles of the hand RB relative to the wrist
RB (See also Footnote 2). These rotation measures are independent of rotation
direction, and give an estimate of the degree of rotation in the specific joint.
After deriving all these variables, every timeseries of these variables was
normalised in time to 50 samples. This way we were able to compare trials with
different durations.
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RESULTS
First we established that our experimental manipulations were effective
in causing different types of obstacle avoidance behaviour, as reflected by
different ways to approach and grasp the target cylinder. Figure 5.3 shows
examples of grasping responses to the shallowest and highest cylinders from
both starting locations. Participants moved their hand over the top of the target
cylinder in some trials, and approached the cylinders sideways in other trials. As
mentioned before, we labeled the trials in which participants moved their index
finger over the cylinder as "Overlap trials" (OL) and all other trials as "No
Overlap trials" (NoOL). Figure 5.4 and Table 5.1 shows the overall number of OL
trials per starting position plotted against cylinder height. Note that the
shallowest cylinders are most often grasped with an overlap grip, and that this
occurs most often in responses starting from S1, as we expected.
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Figure 5.3 Top view of the position changes of the hand in the horizontal plane during individual
grasps. The V‐shaped figures indicate the locations of the fingertips relative to centre of the hand
(defined as the centre of the hand RB). The lower left leg of each V‐shape connects thumb to the
centre of the hand and the upper right leg of each V‐shape connects index finger to the centre of
the hand . (A) from S1 to the shallowest cylinder with an Overlap grip, (B) from S2 to the
shallowest cylinder with a No Overlap grip, (C) from S1 to the tallest cylinder with a No Overlap
grip, and (D) from S2 to the tallest cylinder with a No Overlap grip. See also Figure 5.1:
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Figure 5.4: Number of trials with an overlap grip counted across all participants, for every cylinder
height. The dashed line represents Start 1 and the solid line represents Start 2.

Table 5.1: Incidence (number of trials) of the two distinguished Grip Types (No OL= No Overlap
grip, and OL = Overlap grip) as a function of Starting Position (Start=1 and Start=2) and Cylinder
Height (in cm).
Start = 1
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Grip Height
After having established that varying start location and cylinder height
yielded different grasp types, we focused on how our main variables of interest
varied as function of cylinder height and start location. As expected, the grip
height increases and decreases in time, and differentiates between different
cylinder heights (see Figure 5.5). The moment at which the grip height starts to
differentiate between different cylinder heights was captured by analysing the
time‐normalised standard deviations (SD) across cylinder heights (see Figure
5.5B). 'Kick‐in' was defined as the moment at which the SD reached the threshold
of 1% of the range of grip heights. This analysis clearly shows that the effect
kicked in early on in the movements, in particular already at 10% of the
movement time.
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Figure 5.5: (A) Grip Height as a function of normalised time for Start 1 and Start 2, averaged across
participants (N=12). Different lines represent different cylinder heights. The cylinder heights are
indicated to the right of each curve in cm, (B) Standard deviations across cylinder heigths as a
function of time for Start 1 (bottom left) and Start 2 (bottom right).

ArmPlane Angle and HandPlane Angle
Now we know that the kinematic variable grip height, that characterises
the most distal part of the upper limb is affected by the target height, it is
interesting to look at two other variables that ‐together‐ incorporate the whole
movement of the upper limb. The Arm Plane Angle (APA) and Hand Plane Angle
(HPA) are shown as a function of normalised time in Figure 5.6, revealing that
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HPA varies with cylinder height, whereas APA shows a very stable pattern across
cylinders (see Figure 5.6A, C). The final APA and HPA are shown in Figure 5.6C
and D.
To find the moment at which the effect of cylinder height on the HPA
kicked in, we used the same method as earlier described for the grip height: The
moment at which the standard deviations of APA and HPA started to
differentiate was defined as the moment the difference between the SDs of APA
and HPA reached the threshold of 1% of the mean range of SD(HPA) and
SD(APA). This occurred at 12% of movement time for S1 and at 20% of
movement time for S2 (see Figure 5.6B).

Wrist Rotation and Shoulder Rotation
A similar approach can also be applied to a comparison of the net
shoulder and wrist rotations (Rs and Rw). Figure 5.7A shows that wrist‐rotation
patterns overlap in some cases, but still differentiate more between cylinder
heights than the shoulder rotation patterns do (see also the final Rw and Rs, as
plotted in Figure 5.7C,D). SDs computed across cylinder heights, are larger for
the wrist rotation than for the shoulder rotation (see Figure 5.7B). Furthermore,
the SD patterns seem to differ for the two start locations, suggesting that the
effects of the Cylinder Height kick in later during the response in responses
starting from S2 than from S1. The difference between Rw and Rs is also evident
in figures 5.7C,D: the final wrist rotation angle (Rw) differs slightly between the
shortest cylinders, whereas final shoulder rotation angle (Rs) is stable across
cylinder height.
The difference we observed between the rotation patterns for the two
start locations might be related to the effects of Overlap and No Overlap grasps.
To evaluate this aspect, we also compared the development of these variables
between the two grip types (See Figure 5.8). Both the wrist and shoulder
rotation were most strongly affected by the cylinder height in the OL trials,
presumably because participants grasped the cylinders near the top. The
development of SDs across cylinder heights, as shown in Figure 5.8B showed
steeper SD curves for the OL trials, and this was most pronounced in the wrist
rotation. It should be noted that OL and NoOL trials were not equally distributed
across participants and conditions (see Table 5.1), therefore it is hard to
statistically test these data patterns.
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Speed Instructions
Movement time was compared between the two Speed Instruction
conditions and the two Starting Positions by means of a 2 x 2 repeated measures
ANOVA. The participants followed the speed instructions; movements in the
high‐speed instruction condition took less time than in the low‐speed condition
(914 ms and 967 ms, repectively; F(1,13) = 6.228; p<.05). Movements starting
from S2 lasted longer than from S1 (910 and 972 ms, respectively; F(1,13) =
45.542; p<.001). There was no interaction between Speed Instruction and
Starting Position.

DISCUSSION
One of the main purposes of our experimental study was to gain more
insights in the ways upper‐limb movements are altered in order to prevent
collisions with a target to‐be‐grasped. The paradigm we used showed that
participants roughly used two collision‐avoidance strategies: circumnavigating
the cylinder and approaching from the side (NoOL grip), or approaching it from
above (OL grip). As expected, the OL grip types occurred more frequently in the
trials starting from S1 than S2, because the shortest trajectory from start to
target would collide with the cylinder starting from S1 but not from S2. OL grip
types occurred also more frequently when shallow cylinders had to be grasped,
because lifting the hand over the cylinder requires less effort for shallow
cylinders than taller ones.
We analysed the time‐normalised grip height, hand‐plane angle (HPA),
arm‐plane angle (APA), wrist‐ and shoulder rotations (Rw and Rs) for the two
starting positions and all cylinder heights. APA and Rs did not show any target
height‐dependent patterns. There seems to be some differentiaton in Rw for the
shortest cylinders, but the strongest effects of target height were reflected in the
time‐normalised Grip height and HPA ‐patterns. These height‐effects were
present immediately at the start of the response for the HPA, and at 10% of
movement time for the gripheight. Showing that the more distal parts of the
effector system are more sensitive to slight alterations in task requirements than
proximal parts.
Because Rw and Rs showed different SD patterns for the two start
locations (see Figure 5.7B), and knowing that start location has a strong effect on
the grasp type, we zoomed in on the difference between the development of
wrist and shoulder rotations, in relation to the grasp type (see Figure 5.8). The
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effect of cylinder height is stronger in the overlap‐trials, as reflected in the
steeper increasing SD patterns. This difference between grip strategy is strongest
reflected in the shoulder rotation data.

Implications for Robotics
As stated in the Introduction, Obstacle avoidance is generally reflected in
biphasic velocity profiles (Rosenbaum et al. 2001), The top panel of Figure 5.9
shows such a biphasic tangential grip velocity profile of a trial in which a 15‐cm
tall cylinder had to be grasped from S1. The lower panels show the whole
trajectory of the lines connecting the centre of the handRB with the thumb and
the index finger (like in Figure 5.3), and snapshots of the movement at 1, 20, 40,
50, 60, 70, 80, 90 and 100% of movement time. Although such biphasic
tangential velocity profile is not recognisable in every trial, the idea of planning
and executing movements with a bouncing posture, or through a via‐point can be
a valuable addition to the present anthropomorphic robot models.
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Figure 5.9: Example of a trial (Start location 1, cylinder height = 15 cm) with obstacle avoidance
characteristics. The top panel shows a biphasic tangential velocity profile and the other panels
show estimates of the thumb and index finger movements in the horizontal plane at successive
moments in time, the dashed lines show the trajectories of the thumb and index finger and the
numbers indicate the relative moment during the response (in %).

A simulator can perform a similar task, and the tangential grip velocity is
a variable that is easy to compare qualitatively. Figure 5.10 shows an example of
a simulation of a trial (Start location 1, cylinder height = 15 cm) with obstacle
avoidance characteristics. The panels show snapshots of a top view of the
simulator at successive moments in time. The progress in time is indicated with a
starshape on the biphasic tangential velocity profiles plotted in the left top of
every panel.
In order to build anthropomorphic robots that have to interact with
humans, it is convenient if these robots move like humans. Since humans are well
trained in interpreting gestures and other movements of other humans, the
intentions of a robot that behaves more humanlike, are recognised more easily
and its human collaborator can smoothly adapt to this, which is safer, and
facilitates the collaboration. But for safety reasons it is also a prerequisite that
robots are able to avoid colliding into their human collaborators.
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Figure. 10. Top view snapshots of the AROS robot simulator grasping a cylinder while
avoiding collisions with itself, the tabletop and the target. Every panel shows the
tangential velocity of the gripper in time, the star indicates the tangential velocity at the
moment the snapshot was taken, the dashed lines show the trajectories of both sides of
the gripper and the configuration of the robot’s upper limb is shown at t=1, 20, 40, 50,
60, 70, 80, 90 and 100% of movement time in the successive panels from top left to
bottom right.

Our behavioural data show that the distal parts of the human prehension
system are more flexible in adjusting to different target heights and starting
positions or directions than the proximal parts. The snapshots of the ARoS robot
simulator (Silva et al. 2008) in Figure 5.10 also show the largest rotations in the
distal joints while the simulator succesfully approaches the cylinder while
avoiding collisions with itself, the tabletop and the target. The present findings
further illustrate that grasping an object from the side is not always the
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preferred option, therefore anthropomorphic robot models should have the
flexibility to be able to approach and grasp target objects from above.

Alternative Approaches to Obstacle Avoidance in Robotics
The research on collision avoidance for movement of robotic
manipulators can be divided into global and local methods. In global methods the
collision avoidance is carried out by on‐line algorithms before movement starts.
On the other hand, in local methods, on‐line algorithms are used in which
possible collisions are tested during the motion, and the robot reacts by
activating strategies to avoid obstacles when necessary.
Global methods include approaches where the motion planning is
performed by searching for collision‐free paths from start to goal configuration,
in the robot's configuration space. Obstacles are mapped into this space as
forbidden regions (for a review see Latombe 1999). Other methods treat the
motion planning problem as an optimisation problem, where obstacles and joint
limits are the problem's constraints, and techniques like optimal control theory
(Galicki 1998), nonlinear programming (Park 2006) and dynamic programming
(Fiorini and Shiller 1996) are used.
Potential field methods are quite popular on‐line collision avoidance
methods for robot manipulators. These methods were first introduced by Khatib
(1986), and there is a large variety of these methods. At each step, the robot
moves by following the gradient of a potential field consisting of attractive
potentials, due to goal positions, repulsive potential due to obstacles and also
repulsive potentials due to joint limits. Another local method is the attractor
dynamics approach initially introduced for mobile robots (see e.g. Bicho 2000)
and more recently to anthropomorphic robotic arms (Iossifidis and Schoner
2006). Here the time courses of the heading direction of the endeffector,
elevation and azimuth angles, and elbow motion were obtained from an attractor
dynamics, into which obstacles contributed repulsive force‐lets and joint limit
constraints were coupled as repulsive force‐lets as well.
In general alternative methods cannot produce human‐like movements.
However, experimental studies on human behaviour show that human‐like
movement facilitate interactions between robot and human. The movements of
the anthropomorphic robot we have described before, are qualitatively similar to
human movements, as is evident from our experimental and simulation results.
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GENERAL CONCLUSION
We have found that humans avoid collisions while reaching to, and
grasping cylinders by adjusting the movements of their distal joints. We
successfully mimiced the resulting biphasic velocity profile in the ARoS
simulation of a prehension and grasping movement like one of the conditions of
our behavioural experiment. This validates the human‐like movement
characteristics of ARoS and, consequently, facilitates human‐robot interaction.
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FOOTNOTES
1

By posture we mean the set of joint angles of the arm and hand. Posture is represented using
the well known, and widely used in robotics, Denavit‐Hartenberg (proximal) convention
(Craig, 1998).

2

It should be noted that not all trials showed such a biphasic pattern, and that the mean
pattern of the tangential velocity shows a positively skewed bellshape. This can be explained
by the relative difference in peak height between the first and second velocity peak and the
fact that the second peak occurs at different moments across trials.
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SUMMARY AND DISCUSSION
The preceding four chapters described a range of experiments on
visuomotor control processes of increasing complexity. In an attempt to link the
domains of visual perception and motor control research, we varied the
complexity of the visual stimuli and the level at which the motoric output was
analysed. In the remainder of this chapter, the main findings of each study will be
summarised and briefly discussed.
The three experiments described in Chapter 2 were conducted in order to
look at task‐dependency‐effects of a 2D orientation illusion, the Rod‐and‐Frame
Illusion (RFI). The RFI affected both perceptuomotor matching responses,
perceptual judgements and motoric matching responses. A deviation of the
Frame from vertical resulted in a misperception of the rod in the opposite
direction and the slant of the Rod was exaggerated. The bias induced by the
frame affected responses in all three tasks. Thus, RFI‐effects have been
demonstrated in a variety of tasks with different complexities.
However, all responses were made after a 1000‐ms delay, and it is known
that after such a delay, the visual representations in the ‘spatially accurate’
dorsal visual stream have disappeared, and the system has to rely on a visual
representation of the stimulus that is stored in memory. Higher‐level brain areas
represent visual stimuli as more integrated, and are also more sensitive to effects
of context. From this point of view, visual illusion effects were to be expected.
A likely explanation for the task‐independency as described in Chapter 2,
is that the orientation of the Rod, which was biased by the tilted Frame, was the
target feature that participants had to respond to in all three tasks.
Because the 1000‐ms delay might have influenced the RFI effects, we
used two delay conditions (17 and 1000 ms) in the follow‐up study described in
Chapter 3. Varying the delay did not affect the effects of the RFI on the matching
responses made by propelling a hand‐held cylinder. This can be explained by the
fact that in all cases responses were made based on a visual representation
stored in memory. Even responses in the 17‐ms delay condition in the study
described in Chapter 3 are probably based on a (visual) memory representation,
because the stimuli had disappeared from the screen before the go‐cue sounded
and responses started. The mean reaction time was 353 ms, therefore it is not
likely that the stimulus was still represented in the dorsal stream at movement
onset. In order to elicit responses based on a dorsal representation, the stimulus
should be visible until movement onset, and the responses should not take too
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long. An analysis of the effects of context (Frame) and target (Rod) orientation in
time, as described in Chapter 3, could possibly show the reduction of influence of
a veridical ‘dorsal’ representation, and an increase of the biased remembered
representation in time.
The regression analyses of the cylinder orientation in time further
showed that the effects of Rod and Frame orientations start simultaneously, but
that the maximum effect of the Frame orientation (i.e. the irrelevant context) is
reached earlier than the maximum effect of the Rod orientation. Because it is
possible to distinguish the effects of Rod and Frame orientations in time, both
constituent parts of the RFI are apparently not solely processed as a Gestalt, but
also separately. Furthermore, an RFI can affect an action task, depending on the
type of task and the type of visual information that is required to perform that
task successfully. For example, no RFI effects were observed, in an experiment
that required participants to grasp the rod of an RFI stimulus (Dyde & Milner,
2002). Apparently, the orientation of a contextual frame is not (very) important
for planning and executing a grasp of a Rod within this Frame.
Visual context can thus affect actions. In Chapter 4 we explain how the
visuomotor system handles situations in which a context object partially
occludes a target object. How does the action planning system cope with
fragmented visual information? Visual perception research has shown that local
and global completion are the two dominant strategies of completing shapes that
are not completely visible. Because such completion processes had not been
studied in an action task so far, we designed a new paradigm that enabled us to
study grasping responses to 2D images of 3D partly occluded cylindrical objects.
This new paradigm proved sensitive enough to distinguish between responses to
a thick cylinder and grasping responses to a thin cylinder.
The two things we focussed on were (1) what completion strategy is used
for action, and (2) the timing of such completion processes by comparing an
early and a late kinematic measure between responses to the different stimuli.
The data showed that both local and global stimulus properties are used to plan
and execute the grasping movements. These completion preferences did not
differ between the early and late kinematic measures, suggesting that the
visuomotor system has solved the ambiguity of the partly occluded stimuli
before or early on during the responses, and that the grasping movements were
executed based on a preceptual representation that remained stable in time.
This paradigm, in which participants had to give quasi‐pantomimed
grasping responses to earlier seen images of partly occluded stimuli, has proven
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to be a relatively low‐tech alternative for studying effects of completion on
action, without difficulties keeping the movement sensors in view while the hand
moves behind the occluder, or the need for virtual reality equipment.
It should be noted that although we frequently grasp things that we
cannot see completely, in general the occluded objects we act on are well known
objects with which we have a lot of experience seeing and grasping from
different angles. The stimuli used in Chapter 4 are very ‘artificial’ stimuli, with
little relevance for everyday life. It would be interesting to follow up on this
study by using real objects as stimuli that are more relevant to every‐day life
situations. Therefore in the study described in Chapter 5 we use real 3D
cylinders as target objects. This last experimental chapter focusses on the
kinematics and obstacle avoidance strategies of the upper limb while
participants made prehension movements from one of two starting positions and
grasped 3D cylinders of different heights. Not only distractor objects in between
start and target location can act as obstacles, but also the target itself or the
table.
One of the two starting positions (S1) was instructed such that the
shortest path of the hand would collide with the cylinder. Participants used two
strategies to efficiently avoid collisions with the cylinders: either they
circumvented the cylinder from the side (no overlap grip), or they lifted and
moved their hand over the cylinder (overlap grip), before grasping it. The
overlap strategy was used most often in the trials starting from S1, and in the
trials with a shallow cylinder. With shallow cylinders it requires less energy to
lift the hand to move it over the cylinder.
Another finding was that the effects of cylinder height were reflected in
the variables derived from the kinematics of the distal parts of the upper limb
and not (or less) in the variables that reflect the kinematics of the proximal parts.
Thus the flexibility of these distal parts is exploited to adjust the movements to
possible obstacle properties of the target.
It has also been suggested that obstacle avoidance can be reflected by a
biphasic component in the tangential velocity profile of the hand (see:
Rosenbaum, Meulenbroek, Vaughan & Jansen, 2001), which was reflected in
some trials. A simulation of the AROS robot model (Costa e Silva, Rui, Bicho &
Erlhagen, in press) which is partly based on this idea and the results of the
behavioural data described in Chapter 5, shows that this is indeed an effective
strategy for succesfully avoiding collisions with obstacles during prehension and
grasping movements. For a humanoid robot platform, it is a valuable
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functionality if it is able to avoid collisions with obstacles. Then, targets won’t be
kicked over when they are approached from an unfavourable startpoint. Or, in
the case that humans have to collaborate with a robot, it is, for safety reasons, a
prerequisite that the robot doesn’t collide with its human collaborator.
A drawback of this study was that it was hard to quantify the data to
compare between cylinder heights and grasp types (overlap and no overlap),
because these strategies did not occur in every condition. To allow participants
to solve the task (‘grasp the cylinder between thumb and index finger and lift it’)
the way they prefer elicits probably the most natural behaviour and is therefore
ecologically more valid. For statistical purposes however, it might be better to
instruct participants to use a specific grasp type, such that in all conditions the
cylinders are grasped with both grasp types.
In the seven experiments that we describe in five chapters of this thesis,
we have shown effects of context information (orientation illusion, regions near
an occluder, obstacle properties of a single cylinder) on the way stimuli are
perceived, and how perceptual and motoric responses to these stimuli are
performed. Building upon recent theories of the neurocognitive basis of
perception‐action such as the two visual‐streams hypothesis by (Milner &
Goodale, 1995; 2000), our approach has emphasised the modularity and
entanglement of the perceptual and motor system, both in terms of
experimentation and behavioural analyses. We have thus addressed the effects of
multilayered perceptuomotor processes and higher‐order interpretations of
partly visible objects on subtle spatiotemporal features of reaching and grasping
movements. In our view, as such our studies provide interesting hypotheses for
future explorations of the neural correlates of visuomotor coupling at various
levels of complexity.
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Om te kunnen interacteren met de buitenwereld moeten we een zinnige
representatie kunnen maken van alle verschillende vormen sensorische
informatie die het brein binnenkomen. De belangrijkste bron van sensorische
informatie voor gezonde volwassen mensen is het visuele systeem. Hiermee
kunnen we gemakkelijk allerlei verschillende voorwerpen vanuit verschillende
hoeken herkennen, zelfs als ze gedeeltelijk verborgen zijn achter andere
voorwerpen. Nog opmerkelijker is het dat, ondanks dat er oneindig veel
mogelijkheden zijn om deze voorwerpen op te pakken, mensen heel snel en
efficiënt een geschikt bewegingsplan kunnen kiezen, uitvoeren en –indien dat
noodzakelijk is‐ bijsturen. De primaire motivatie voor het onderzoek in dit
proefschrift is komt voort uit een fascinatie voor het gemak waarmee dit gaat.
Dit proefschrift beschrijft een aantal experimenten waarmee de koppeling
tussen visuele en motorische processen wordt onderzocht (visueel‐motorische
koppeling). Visueel‐motorische koppeling is de geavanceerde manier waarop
het perceptuele systeem het motorische systeem voorziet van informatie die
nodig is om doelgerichte reikbewegingen van de arm te plannen en uit te voeren.
De verschillende experimenten in dit proefschrift richten zich zowel op de
perceptuele‐ als op de motorische processen. Om een brug te kunnen slaan
tussen perceptie en actie, hebben we in de experimenten zowel de stimuli als de
motorische responsen gevarieerd. Naast het feit dat in de opeenvolgende
hoofdstukken de visuele informatie steeds complexer werd, werd ook de manier
waarop motorisch gedrag is onderzocht steeds complexer. Voor de eerste twee
studies (Hoofdstuk 2 en 3) werd een visuele oriëntatie illusie (de ‘Rod and
Frame’ illusie) gebruikt die was opgebouwd uit 2D lijntekeningen (zie Figuur
1.3). De stimuli die werden gebruikt in het experiment dat is beschreven in
Hoofdstuk 4 zijn 2D plaatjes van 3D objecten. Deze 3D objecten werden
gedeeltelijk afgeschermd zijn door een ‘occluder’ (zie Figuur 1.4). In het laatste
experiment, dat beschreven staat in Hoofdstuk 5, zijn echte 3D cylinders van
verschillende hoogten gebruikt als stimuli.
De drie experimenten die in Hoofdstuk 2 staan beschreven, zijn
uitgevoerd om te onderzoeken of de effecten van de ‘Rod‐en‐Frame‐Illusie’ (RFI)
taak‐afhankelijk zijn. De RFI‐stimuli bestaan uit een staaf (Rod) die omgeven
wordt door een kader (Frame). De oriëntatie van het kader (context) beïnvloedt
de waargenomen oriëntatie van de staaf. In één experiment moesten
proefpersonen oordelen of de oriëntatie van een lijn overeenkwam met de
oriëntatie van de staaf van een RFI‐ stimulus, in het tweede experiment moesten
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proefpersonen een lijn op een computerscherm in dezelfde oriëntatie draaien als
de staaf van de RFI, die eerder was getoond, en in het derde experiment moesten
proefpersonen een cylinder in hun hand houden, en die voor zich in dezelfde
oriëntatie draaien als die van de staaf van de RFI.
De effecten van de RFI waren vergelijkbaar in de drie verschillende taken.
Als het kader iets geroteerd was, leidde dat tot een waarnemingsfout van de
oriëntatie van de staaf in de tegenovergestelde richting, en de mate waarin de
staaforiëntatie afweek van verticaal, werd overschat. Het kader zorgde voor
dezelfde bias in alle drie de taken, dus RFI‐effecten kunnen voorkomen in
verschillende soorten taken met uiteenlopende complexiteit. Hierbij moet
worden opgemerkt dat een aannemelijke verklaring voor deze taak‐
onafhankelijkheid is, dat de waargenomen staaforiëntatie

–die sterk werd

vertekend door het geroteerde kader ‐ het doelkenmerk was, waar
proefpersonen in alle drie de taken op moesten reageren. Deze resultaten
zouden ook mogelijk kunnen worden verklaard doordat de responsen pas na een
interval van 1000 ms werden gegeven. Het is bekend dat na zoveel tijd de visuele
representaties in de ‘ruimtelijke’ dorsale route zijn weggeëbd, en dat het visuele
systeem dan slechts beschikking heeft over een visuele representatie van de
stimulus die in het geheugen is opgeslagen. Hierbij zijn hogere hersengebieden
betrokken die stimuli meer geïntegreerd verwerken. Hierdoor is er een grotere
gevoeligheid voor contexteffecten, zoals een scheef kader. Zo bekeken, waren
visuele illusie‐effecten te verwachten. In het experiment dat staat beschreven in
Hoofdstuk 3 hebben proefpersonen een taak uitgevoerd, die vergelijkbaar is met
het derde experiment uit hoofdstuk 2, maar nu was er ook een conditie waarin
proefpersonen al na een 17 ms durend interval een respons moesten geven.
Maar er was geen verschil in oriëntatiefout aan het einde van de responsen
tussen de twee interval‐condities. Zelfs responsen na 17ms, zijn waarschijnlijk
gedreven door een (visuele) geheugenrepresentatie, want de stimuli waren van
het scherm verdwenen, voordat het startsignaal voor de respons klonk. Omdat
de gemiddelde reactietijd 353 ms was, is het niet aannemelijk dat de stimulus
nog steeds in de dorsale route werd verwerkt op het moment dat de beweging
begon. Om responsen op te roepen die op een dorsale representatie zijn
gebaseerd, zou de stimulus zichtbaar moeten zijn tot aan het begin van de
beweging, en zou de responstijd kort moeten zijn.
Daarom is, naast de oriëntatiefouten, in deze studie ook de verandering
van de cylinderoriëntatie gedurende de hele respons geanalyseerd. Een analyse
van de effecten van de kader‐ (context) en de staaf‐ (doel) oriëntaties in de tijd
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zou een afname kunnen laten zien van de invloed van de spatieel‐nauwkeurige,
dorsale representatie, en een toename van de invloed van de vertekende
geheugen‐representatie. De regressieanalyses van de verandering van de
cylinderoriëntatie als functie van tijd lieten zien dat de effecten van de staaf‐ en
kader‐ oriëntaties tegelijk beginnen, maar dat het maximale effect van de
kaderoriëntatie (de voor de taak niet relevante context) eerder wordt bereikt
dan het maximale effect van de staaforiëntatie. Omdat het mogelijk bleek om de
effecten van staaf en kader in de tijd van elkaar te onderscheiden, kunnen we
concluderen dat de afzonderlijke onderdelen van de RFI blijkbaar niet alleen als
een Gestalt verwerkt worden, maar ook afzonderlijk.
Een RFI kan een motorische taak beïnvloeden, afhankelijk van het type
taak, en het type visuele informatie dat nodig is om die taak correct uit te voeren.
In een andere studie naar de effecten van oriëntatie‐illusies op actie (Dyde en
Milner, 2002), werden er bijvoorbeeld geen RFI‐effecten gemeten in een taak
waarbij proefpersonen de staaf van een RFI stimulus moesten grijpen. Blijkbaar
is voor de planning en uitvoering van deze grijpbeweging, het contextuele kader
minder belangrijk dan in onze taak.
Visuele context heeft dus invloed op actie. In Hoofdstuk 4 laten we zien
hoe het visueel‐motorische systeem omgaat met situaties waarin een ander
voorwerp (de occluder), het doelobject gedeeltelijk afdekt (occlusie). Hoe gaan
we om met zulke gefragmenteerde visuele informatie? En hoe worden, op basis
hiervan bewegingen gepland en uitgevoerd? Onderzoek naar visuele perceptie
heeft laten zien dat locale (gebaseerd op een continuering van de countouren
achter de occluder) en globale (gebaseerd op de voortzetting van de regelmaat
en symmetrie van de gehele contour) completie de belangrijkste strategieën zijn
om contouren aan te vullen

die niet geheel zichtbaar zijn. Omdat zulke

completieprocessen nog niet in een actietaak waren onderzocht, hebben we een
nieuw paradigma ontwikkeld waarmee we grijpresponsen naar 2D plaatjes van
3D gedeeltelijk geoccludeerde, cylindrische voorwerpen konden onderzoeken.
Ons paradigma bleek gevoelig genoeg om grijpbewegingen naar dikke en dunne
cylinders van elkaar te kunnen onderscheiden.
Deze studie onderzocht (I) welke completiestrategie er wordt gebruikt, en
(II) de timing van de completieprocessen, door de responsen op de verschillende
stimuli te analyseren aan de hand van een vroege en een late kinematische maat.
Uit de resultaten bleek dat zowel locale als globale stimulus‐
eigenschappen worden gebruikt om grijpbewegingen te plannen en uit te voeren.
De completiestrategieën verschilden niet tussen de vroege en late kinematische
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maten. Dit duidt er op dat het visueel‐motorische syteem al vroeg tijdens de
grijpbeweging, of misschien zelfs daarvoor al, een oplossing heeft gevonden voor
de visuele ambiguïteit en dat de grijpbewegingen werden uitgevoerd op basis
van een visuele representatie die stabiel bleef gedurende de hele respons.
Dit paradigma, waarbij proefpersonen quasi‐pantomime grijpresponsen
maakten naar eerder vertoonde plaatjes van gedeeltelijk geoccludeerde stimuli,
is een relatief eenvoudig alternatief om de effecten van completie op actie te
onderzoeken. Het voordeel van deze methode is dat we geen problemen hebben
om de bewegingssensoren in beeld te houden als de hand achter de occluder zou
verdwijnen.
Er moet wel worden opgemerkt dat, hoewel we regelmatig dingen
vastpakken die we niet geheel kunnen zien, dit in normale, dagelijkse, situaties
vaak bekende voorwerpen zijn, die we al eerder vanuit verschillende hoeken
hebben gezien en vastgepakt. De stimuli die in hoofdstuk 4 zijn gebruikt hebben
weinig relevantie voor het dagelijks leven. In de studie die wordt beschreven in
Hoofdstuk 5 werden echte 3D cylinders gebruikt als doelobjecten. Dit laatste
experimentele hoofdstuk richt zich op de kinematica van de arm en botsing‐
vermijdings strategieën bij het maken van reik‐ en grijpbewegingen vanaf twee
verschillende startposities naar cylinders van verschillende hoogten. Niet alleen
voorwerpen die zich tussen start‐ en doellocatie in bevinden, kunnen obstakels
zijn, maar ook het doel zelf of de tafel kunnen worden beschouwd als obstakels
waarmee botsingen moeten worden vermeden.
Een van de twee startposities (S1) was zo geïnstrueerd dat via de kortste
weg naar het doel, de hand met de cylinder zou botsen. Proefpersonen
gebruikten twee strategieën om dit te voorkomen: ze bewogen hun hand met een
bocht om de cylinder heen (no overlap grip), of ze tilden hun arm een beetje op,
en bewogen hun hand over de cylinder heen (overlap grip), voordat de cylinder
werd vastgepakt. In deze studie hebben we proefpersonen vrij gelaten om de
cylinders te grijpen zoals ze dat zelf wilden doen, hiermee hebben we zo
natuurlijk mogelijk (grijp)gedrag kunnen onderzoeken. Het nadeel daarvan is dat
het moeilijk was om de effecten van cylinderhoogte en grijpstrategie (overlap en
no overlap) statistisch te toetsen, omdat deze strategieën niet in elke conditie
voorkwamen. Om deze reden worden de meeste data in dit hoofdstuk kwalitatief
beschreven.
De overlapstrategie werd het meeste toegepast in de trials die begonnen
vanaf S1, en in de trials met de laagste cylinders. Bij lage cylinders kost het
minder energie om de hand er overheen te tillen. Een andere bevinding was, dat
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de cylinderhoogte een sterker effect had op de variabelen die zijn afgeleid van de
kinematica van de distale delen van de arm dan op de variabelen die van de
proximale delen van de arm zijn afgeleid. De flexibiliteit van de distale delen
wordt gebruikt om bewegingen aan te passen en mogelijke botsingen te
vermijden.
Obstakelvermijdingsgedrag kan gepaard gaan met een bifasische
component van het tangentiële snelheidsprofiel van de hand (zie Rosenbaum et
al., 2001). Dit vonden wij ook in een deel van de trials. Simulaties van een
robotmodel (Anthromorphic Robotic Simulator, ARoS, Silva, Bicho en Erlhagen.
in druk), dat gedeeltelijk op dit idee, en op de gedragsdata die beschreven staan
in Hoofdstuk 5 is gebaseerd, laten zien dat dit inderdaad een effectieve strategie
is om botsingen te vermijden tijdens reik‐ en grijpbewegingen. Voor een robot
die op een menselijke manier beweegt, is het essentieel om botsingen te
vermijden. Dan worden doelobjecten niet omgegooid als ze vanuit een
ongunstige positie worden benaderd. En uit veiligheidsoverwegingen is het
noodzakelijk dat, wanneer mensen met een dergelijke robot moeten
samenwerken, dat de robot niet tegen zijn menselijke collega’s aan botst.
In de zeven experimenten die worden beschreven in dit proefschrift
hebben we verschillende effecten laten zien van context informatie
(oriëntatieillusies,

contouren

in

de

buurt

van

een

occluder

en

obstakeleigenschappen van een enkele cylinder) op de manier waarop stimuli
worden waargenomen, en hoe perceptuele en motorische responsen op deze
stimuli worden uitgevoerd.
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Nu het einde van dit boekje eindelijk echt in zicht komt, wordt het tijd om
de mensen te bedanken zonder wie dit proefschrift er nooit was gekomen, en de
mensen die er aan hebben bijgedragen dat ik al het werk dat in dit proefschrift
zit met plezier heb gedaan.
Om te beginnen Ruud en Rob. Al vond ik het soms moeilijk om bruggen te
bouwen tussen jullie beider vakgebieden, ik heb ik het echt als een luxe ervaren
om twee deskundige begeleiders te hebben die bij mijn promotieproject
betrokken waren. Zowel inhoudelijk als ook practisch heb ik veel aan jullie gehad.
Ruud, het bleef me verrassen hoe snel jij op mijn schrijfsels wist te reageren. Van
jouw kijk op data analyse heb ik veel geleerd. Verder hielp je me goed plannen en
belangrijke deadlines halen. Rob, door jouw enthousiasme en betrokkenheid was
het altijd prettig om met je samen te werken. Met jullie als begeleiders heb ik
goed getroffen.
Ook wil ik Harold bedanken. Mede door jouw betrokkenheid en peptalks
wanneer dat nodig was, heb ik de nodige hobbels kunnen overwinnen en dit
proefschrift uiteindelijk met plezier afgerond. Bedankt!
De andere mensen met wie ik heb samengewerkt: Alex, dankjewel voor je
hulp bij de studie beschreven in hoofdstuk 3. Majken, bedankt voor jouw goede
ideeën tijdens het brainstormen over de studie beschreven in hoofdstuk 5.
Hetzelfde geldt voor Raymond, jouw ideeën en kunst om dingen goed uit te
leggen, waardeer ik erg. Eliana, it was very pleasant to collaborate with you on
our obstacle avoidance study. It was very interesting to get a better insight into
‘your’ type of research. Thank you!
Het werk dat ik de afgelopen jaren heb gedaan, was niet mogelijk geweest
zonder de ERG en secretariaten. Bedankt, Chris en Pascal voor jullie
programmeerkunsten; Jos voor het ontwikkelen van de lichtgevende cylinder;
Norbert en Eric voor het uitlenen van gereedschap, dubbelzijdige tape en het
maken van alle andere attributen die er voor mijn experimenten nodig waren;
André en Gerard, voor het oplossen van allerhande computerproblemen; en
Beppie en Yvonne S. voor jullie ondersteuning op de minder technische vlakken.
Een promotieproject gaat niet altijd over rozen, daarom was het heel fijn
om af en toe in goed gezelschap stoom af te kunnen blazen: kamergenoten Gijs
en Stan en paranimfen Mark (nooit gedacht dat met jou op congres gaan zo’n
avontuur zou zijn) en Stefan (de enige andere nuchtere persoon in tijden van
voetbalwaanzin). Fijn dat jullie er waren!
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Naast alle inhoudelijke en practische zaken, was er de afgelopen jaren ook
tijd voor gezelligheid tijdens koffie‐ en lunchpauzes, VMBs, bokbierproeverijen
en andere gelegenheden. Voor ik aan dit project begon had ik niet durven hopen
dat ik zoveel gezellige collega’s zou krijgen. Iedereen bedankt!
Verder hebben de afgelopen jaren veel etentjes, sportpogingen, concerten,
festivals, saunabezoeken, en zelfs een heuse retraite op Ameland gezorgd voor de
broodnodige ontspanning. Céline, Ellen, Evelien, Gijs, Loes, Mark, Matthias, Stan,
Stefan, Majken, en Yvonne M., leuk dat ik jullie heb leren kennen!
Tot slot, Ans, Joop en Kees, jullie dagelijkse invloed de eerste 18 ½ jaar
van mijn leven heeft vast op de een of andere manier ook bijgedragen aan het tot
stand komen van dit boekje, nu.
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