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ABSTRACT

Neuropsychological, neurophysiological and behavioural evidence largely support 
the concept of two distinct visual cortical systems, a ventral system underlying 
perceptual identification, and a dorsal system supporting visually guided action. 
The dual-system idea is not new, however this thesis focuses on the currently 
favoured theory proposed by Goodale and Milner (1992).

All studies used the ELITE motion tracking system, with two main aims. First, 
methodological issues arising from previous work were addressed. The rela
tionship of maximum grip aperture and manual estimation to object size was 
found to be similar, justifying comparisons of illusion size in these measures. 
Action and perception were dissociated using the Judd illusion, taking into ac
count past methodological criticisms. Second, the conditions under which action 
may be driven by ventral rather than dorsal processes were investigated. Two- 
dimensional and three-dimensional targets were compared to investigate whether 
a target must be physically graspable, or whether the essential factor for the 
dorsal stream is that the action be goal-directed.

Kinematic analysis showed differences between grasps towards 2D and 3D targets, 
especially in maximum aperture measurements. However, grasps towards 2D and 
3D targets within illusory figures were similar, and it was concluded that they 
depend on similar underlying mechanisms. A different grasp formation may be 
used for 2D targets, but an alternative driving mechanism is not necessarily 
required. When actions were directed towards 3D targets that could not be 
grasped, kinematics were similar to 2D targets.

The critical factors determining whether an action is driven by the dorsal stream 
appear to be that it is immediate and goal-directed. Characteristics of kinematic 
variables involved in a grasping action are determined predominantly by the type 
of action required, and not by the precise visual information provided by the 
target. Future studies must take this into account when using kinematic analysis 
as an investigative tool.
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1. Cortical Streams for Perception
and Action

1.1 Introduction

This chapter aimed to assess the evidence fuelling the current debate regarding the 
degree of independence between visual systems mediating perceptual judgement 
and guidance of action. The theories underlying this question will be reviewed, 
particularly the currently popular version of the dual visual system hypothesis 
proposed by Goodale and Milner (Goodale and Milner, 1992; Milner and Goodale, 
1995). Neuropsychological evidence that has been presented in support of two 
functionally distinct visual systems will be considered, and possible biological 
underpinnings for a functional dissociation of perception and action will be dis
cussed.

1.2 Background information

1.2.1 Origins of the two visual streams hypothesis

Schneider (1969) first postulated an anatomical separation in the brain between 
the visual coding of an object’s location and its identification. Schneider noted 
that what appears to be blindness under certain testing conditions may be re
vealed as considerable visual capacity under different conditions. He found that 
lesioning the superior colliculus in hamsters impaired spatial orientation but not 
pattern discrimination, whereas lesions of the visual cortex resulted in the oppo
site pattern of impairments. Schneider (1969) argued that the phylogenetically 
older tectal structures, particularly the superior colliculus, allowed spatial lo
calisation of an object, while the newer geniculostriate system allowed pattern 
discrimination and therefore object identification.
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It should be noted that Schneider’s (1969) cortical lesions involved ablation of 
most of the striate cortex and a medial parastriate area in hamsters. The more 
recent dorsal/ventral separation is thought to occur after the striate cortex. The 
intact visual function found by Schneider (1969) after striate cortex lesions may 
have been due to a number of (now) known anatomical pathways that bypass 
striate cortex, the largest being the projection from the retina to the superior 
colliculus and then to the lateral and inferior pulvinar of the thalamus. From 
here, information is distributed to various striate and extrastriate areas, largely 
those areas associated with the dorsal pathway (Koch and Braun, 1996).

Schneider’s (1969) proposal was significant in that it departed from the unitary 
notion of vision and introduced the possibility that vision could be the result of 
more than one separately functioning module working in parallel. The proposal 
for a distinctive function of the superior colliculus in orientation is still accepted. 
While Schneider’s (1969) distinction between object identification and spatial lo
calisation has been, and still is, important, later evidence has cast doubt on his 
notion tha t there is a collicular pathway involved in localisation and a geniculos
triate pathway involved in identification. This has been partly due to the fact 
that Schneider’s (1969) notion of localisation was not well defined; later research 
has found tha t there are multiple visuomotor modules of which the tectal route is 
only one; and partly due to further differentiation of the view of cortical function.

1.2.1.1 Visuomotor modules in vertebrates

Ingle (1973) found that there are separate visuomotor modules in the frog. Specif
ically, Ingle found that visually elicited feeding and visually guided locomotion are 
mediated by entirely separate pathways. After removal of the optic tectum, frogs 
ignored small prey objects or large looming discs presented within the contrale- 
sional visual field. However, after a period of time, the optic tract regenerated, 
and the axons which arose crossed the midline and innervated the intact tectum 
on the other side of the brain. The result was that now prey objects or looming 
disks presented to the contralesional visual field elicited behaviour which would 
be appropriate for stimuli located within the opposite visual field. In other words, 
when presented with a prey object, frogs turned and snapped at a location mirror-
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symmetrical to the position of the stimulus. When a looming disc was presented 
to the contralesional field the frogs jumped towards it, instead of jumping away 
from it.

However, when the same frogs attempted to escape a tactile stimulus by jumping 
away from it, they always oriented their jump to avoid hitting a barrier in front 
of them, even when the barrier was located within the contralesional field. It 
therefore seems that there is another pathway which is responsible for the vi
sual guidance of barrier avoidance. Ingle (1980; 1982) demonstrated that this 
barrier avoidance response is mediated by retinal fibres terminating in one of 
the pretectal nuclei. It can therefore be demonstrated that in the frog there are 
at least two visuomotor systems; a tectal system which mediates visually elicited 
prey behaviour and a pretectal system which mediates visually guided locomotion 
around barriers.

Mammals also show evidence of independent and parallel visuomotor pathways. 
At the subcortical level these seem to be organised in largely the same way as 
they are in amphibia, therefore lesions of the superior colliculus in various species 
of mammal reduce the animal’s ability to orient to visual targets (see Goodale 
and Milner, 1982, for a review). There is also evidence that a visual projection 
from the retina to the pretectum mediates barrier avoidance in mammals. Gerbils 
with lesions of pretectal nuclei have difficulty negotiating large barriers placed in 
front of them (Goodale and Milner, 1982).

Schneider (1969) did not differentiate between localising a food object during vi
sually directed prey catching and localising the edge of a barrier during visually 
guided locomotion around barriers. These two behaviours depend on separate 
visual mechanisms, and only the first involves the superior colliculus. By Schnei
der’s (1969) definition of localisation, both would depend on the same collicular 
localisation mechanism.

1.2.2 Neuroanatomical Background

Visual information leaving the retina is projected to many different areas. The 
major projections with which this review is concerned are illustrated in figure 1,
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but information is also passed to a number of other areas, including the pretectum, 
nucleus of the optic tract and suprachiasmatic nucleus.

The retinotectal pathway from eye to brain is the most prominent in non-mammal 
ian vertebrate species. This is the projection from the retina to the optic tectum 
of the midbrain, known as the superior colliculus (SC) in mammals. The retino- 
geniculate projection from the retina to the lateral geniculate nucleus (LGN), is 
the most prominent projection in primates. It is phylogenetically newer, and is 
only prominent in mammals.

Retina

>
Superior
Colliculus

Pulvinar

Magno

Parvo

Primary
Visual
Cortex

Lateral
geniculate
nucleus

Posterior 
parietal cortex

Inferotemporal
cortex

Figure 1.1: Schematic diagram showing major projections from retina to the 
dorsal and ventral streams. Adapted from Milner and Goodale (1995)

W ithin the primate geniculostriate system there are two parallel pathways which 
can be tracked from the retina through the LGN, remaining separated beyond 
VI (see figure 1.1). These are the magnocellular and parvocellular pathways, 
which are largely continued beyond striate cortex in the anatomical separation 
into the dorsal stream terminating in posterior parietal cortex (PPC), and the 
ventral stream terminating in inferotemporal cortex (IT). This is described in 
more detail in section 1.5. While the direct mapping of magnocellular and parvo
cellular inputs onto the dorsal and ventral streams respectively is still a matter of 
some debate, the distinction between these two streams is accepted. Therefore, 
although the functions of the two streams have not yet been conclusively estab
lished, the existence of a dorsal stream projecting to posterior parietal regions and
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a ventral stream projecting to inferotemporal cortex has been well documented 
(see Milner and Goodale, 1995, for a review). Young (1996) reported the appli
cation of statistical analysis to the connectivity of the visual system. A stream 
was defined as “a set of structures tha t have more connections with each other 
than with structures in other sets, and also have fewer reported non-connections 
with each other than with structures in other sets” (Young, 1996, p.32). Using a 
number of different statistical methods. Young (1996) asked whether areas con
ventionally considered to be in the two visual streams satisfied this definition. By 
all methods used, the subdivision of the primate visual system into dorsal and 
ventral pathways consisting of structures very similar to those originally proposed 
by Ungerleider and Mishkin (1982) was supported.

1.2.3 The two visual stream hypothesis

Ungerleider and Mishkin (1982) argued for two distinct cortical visual streams. 
Largely on the basis of behavioural evidence from lesion studies in macaque mon
keys, they distinguished between a ventral projection from striate cortex to IT 
and a dorsal projection from striate cortex which eventually terminates in pos
terior parietal cortex. They proposed that the ventral route was involved in the 
identification of objects and the dorsal route in processing spatial location.

More recently, Goodale and Milner (Goodale and Milner, 1992; Milner and 
Goodale, 1995) have proposed a functional redefinition of the distinction between 
the ventral and dorsal routes. They proposed that the ventral stream is involved 
in visual perception and the dorsal stream in visual guidance of action. ‘Visual 
perception’ in this case is used to refer to the proposed ventral stream function of 
visual identification/ recognition and visual and spatial judgement. Goodale and 
Milner’s use of the term ‘visual perception’ therefore assumes some of the func
tions of Ungerleider and Mishkin’s (1982) dorsal stream, in tha t spatial judgement 
is also covered. The spatial location of objects in a visual array relative to each 
other is considered to be a perceptual process, mediated by the ventral stream 
along with analysis of their idenitity. The spatial location of objects specifically 
for the purpose of interacting with them is processed by the dorsal stream. This 
redefinition was largely based on neuropsychological evidence from patients suf
fering from visual agnosia and optic ataxia, which will be discussed in detail in

27



1. Cortical Streams for Perception and Action

section 1.3. According to the new interpretation, it is not the type of information 
received by the two streams that is thought to be important in their distinction, 
rather it is the function for which this information is used. In brief, visual per
ception relies on the relative sizes and positions of objects in an array (relative 
coding) while the system guiding action codes information egocentrically with 
respect to the viewer. Again this concept will be discussed in more detail later 
(section 1.4).

1.3 Neuropsychological Evidence

Much of the evidence leading to Goodale and Milner’s (1992) redefinition of the 
two visual system hypothesis arose from neuropsychological patients with brain 
damage mostly localised to either the dorsal or ventral streams.

1.3.1 Visual form agnosia

Patients with visual form agnosia have profound difficulties in object and pat
tern recognition. Milner, Goodale and colleagues have extensively described the 
deficits and abilities of patient D.F., who suffered damage to the ventral cortical 
stream from V2 to IT following carbon monoxide poisoning. MRI scans taken 
soon after D.F.’s accident indicated that the damage to her brain was located 
mainly in the lateral prestriate cortex, and Milner and Goodale (1995) assumed 
that this has disrupted large parts of V2, V3 and V4. The MRI scans also sug
gested tha t VI was largely intact. However, the exact nature of D.F.’s lesion is 
unclear, and to some extent the location of the damage has been inferred from 
the nature of her deficits, and from analogies drawn with findings from neuro- 
physiological studies in non-humans.

D.F. has poor visual perception of shape and orientation, irrespective of how 
this information is conveyed, whether by colour, intensity, stereopsis, motion, 
proximity, continuity or similarity (Goodale, Milner, Jakobson and Carey, 1991). 
Her impairment is not primarily a ‘sensory’ one; she is able to detect targets in the 
peripheral visual fields, and Hashes of light in her central visual fields. She shows 
unimpaired detection of high spatial frequency gratings, although she cannot
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state their orientation. She does show some impairment in her detection of low 
spatial frequency (Milner, Perrett, Johnston, Benson, Jordan, Heeley, Bettucci, 
Mortara, Mutani, Terazzi and Davidson, 1991). She also has well preserved colour 
recognition.

D .F.’s impairment appears to be ‘perceptual’, in that her visual system seems to 
be able to perform the required low-level processing, yet she is unable to perform 
simple judgements of shape and form, such as indicating whether two rectangles 
are the same or different (described in Goodale, 1995). Despite these severe vi
sual impairments, D.F. has some intact visual processing. Goodale et al (1991) 
showed that D.F. can make very accurate hand and finger movements towards 
objects whose qualities she fails to perceive. She was unable to determine which 
of four orientations matched that of a slot, to verbally report the orientation of 
the slot or to turn a card to match it. However she showed a dissociation be
tween her inability to perceive object orientation and her ability to direct reaching 
movements towards objects in diflFerent orientations, being accurate when asked 
to reach out and ‘post’ a card through a slot. A similar dissociation was found 
for object shape. D.F. had difficulty discriminating whether pairs of plaques of 
equal area were the same or different shapes, and was also insensitive when asked 
to estimate the width of the plaques with her thumb and forefinger. However, 
when asked to pick up the plaques, her thumb-index finger aperture was system
atically related to the object’s width. D .F.’s pattern of abilities and impairments 
does not easily fit an idea of two systems subserving visual identification and 
spatial localisation - the ‘w hat’ and ‘where’ pathways described by Ungerleider 
and Mishkin (1982). Rather they seem to describe a ‘w hat’ pathway and a ‘how’ 
pathway, the first involved in identification, the second in the visual control of 
action.

In the majority of cases, visual agnosia is a disorder which occurs in a person 
with a visual system that functioned normally before being damaged. As such, 
it is seen as the loss of a previously acquired visual competence. However, a 
rare patient has been described by Le, Gardebat, Boulanouar, Hénaff, Michel, 
Milner, Dijkerman and Démonet (2002) who suffered early cerebral damage, re
sulting in essentially a visual system dependent solely on the left dorsal stream. 
Patient S.B., 30 years old at the time of testing, suffered meningoencephalitis
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at 3 years of age. The severe resulting cerebral damage destroyed the ventral 
stream in both the left and right hemispheres, and the dorsal stream in the right 
hemisphere. Ungerleider and Mishkin’s (1982) version of the two visual stream 
hypothesis argued for independence of two streams coding object vision and spa
tial vision. However, Goodale and Milner’s later reinterpretation suggested that 
both streams use information about objects and their location, but each stream 
does so in different ways. This answers a question which is awkward for the earlier 
interpretation; how could object vision occur without spatial vision? Can objects 
be identified without analysing the spatial relationships between their component 
parts? According to the later reinterpretation, this question is easily answered, 
since both streams encode information about both object identity and location. 
The question asked by Le et al. (2002) was, what is it like to see with one dorsal 
stream only? Does S.B. have any abilities to visually recognise the world?

A variety of tests showed that S.B. had severe visual recognition deficits, in tex
ture, colour, objects, faces and words, although his movement and space percep
tion were relatively unimpaired. He did, however, show remarkable visuomotor 
competencies, and was equivalent to controls at orienting his wrist to ‘post’ his 
hand through a slot. He was also able to adjust his hnger-thumb aperture to 
object size during grasping movements. As described previously (section 1.2.2) 
and later in section 1.5, the magnocellular pathways from the retina to the LGN 
and striate cortex are considered to largely continue to the dorsal stream (Living
stone and Hubei, 1988). Although S.B. has no ventral stream function, he does 
have some perceptual abilities from his functioning dorsal stream which indicate 
tha t magnocellular function is available to him. His perceptual ability showed 
low spatial resolution and high sensitivity to low contrast and moving stimuli. 
S.B. could identify some familiar objects and actions and could reproduce simple 
drawings, relying on luminance or motion contrasts. Le et a l (2002) argued that 
S.B. is similar to patient D.F., in tha t dorsal stream mechanisms for analysing 
elementary features remain intact. However, in contrast, it is suggested that 
in S.B. access to these features has become accessible to perceptual awareness, 
whereas D.F. only has automatic, visuomotor access.

Vecera (2002) attempted to investigate exactly how the dissociation between vi
sual perception and visuomotor control in visual form agnosia can be explained.
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There are two possible explanations discussed by Vecera (2002), arising from 
neuropsychological evidence (reviewed by Goodale, 1995). Both of these possi
ble explanations assume that there are two cortical visual streams, and both also 
assume that there is some shared input to both streams from early level visual ar
eas (see figure 1.1). The ventral disconnection account proposes that visual form 
agnosia is the result of damage along the ventral pathway itself, resulting in an 
impaired connection between early visual processes and shape perception. Con
nections between early visual inputs and dorsal processes remain intact, therefore 
visuomotor function is spared. Vecera (2002) stated two major problems with this 
account. Firstly, early cortical visual areas play a role in gestalt perceptual organ
isation including figure-ground organisation (Lamme, 1995; Roelfsema, Lamme 
and Spekreijse, 1998). Since early visual cortical areas are spared and provide in
put to visuomotor processes, according to the ventral disconnection account, early 
level visual processes such as segregation should also be intact. These processes 
are disrupted in visual agnosia (e.g. Milner et a l, 1991; Goodale et al, 1991). 
However, this criticism does not necessarily follow. Given that visual awareness 
is associated with ventral stream functioning (Milner and Goodale, 1995, see also 
section 2.7), it is possible that perceptual organisation is still processed by early 
visual areas, yet the patient is unable to demonstrate evidence of this process
ing. If early visual processes are tested using a perceptual measure rather than a 
visuomotor measure, then it is impossible to tell whether this information is ac
tually processed and used by the dorsal stream. A second problem highlighted by 
Vecera (2002) is that the account makes the locality assumption, assuming that 
the cognitive architecture is modular and that brain damage has local effects.

A second possible account of the dissociation in visual agnosia is the spared input 
account. According to this explanation, damage occurs to the shared early-level 
visual areas. Visuomotor function is preserved because there are additional inputs 
to the dorsal systems, for example from the superior colliculus via the pulvinar. 
However, Vecera (2002) argued that there are also intact sub cortical projections 
to ventral stream areas, for example, from the lateral geniculate nucleus, so one 
would expect that object perception would also be relatively spared. Vecera 
(2002) proposed an alternative explanation, the ‘pathway information’ account. 
This is similar to the spared input account, in that the primary damage in visual 
agnosia is hypothesised to be to a common early input to both the ventral and dor
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sal streams. However, Vecera (2002) suggested that the dissociation observed is 
due to differences between ventral and dorsal representations. Specifically, input- 
output transformations occurring in the dorsal pathway may be computationally 
easier than those occurring in the ventral pathway. Vecera (2002) suggested that 
object identity may be less ‘separable’ than spatial location because an object 
will share many features with other objects. Handles appear on many objects, 
for example, therefore handles are not a unique feature. On the other hand, a lo
cation will share features with few other locations - only those which are nearby. 
This may make the coding of object identity a more computationally complex 
task than the coding of spatial location, which may allow the dorsal pathway to 
be more resilient to neural damage than the ventral pathway.

Vecera (2002) tested the pathway information account of visual form agnosia 
using a neural network simulation that learned to identify objects along one 
pathway and to localise those objects along a second pathway. The ‘where’ task 
showed an initial training advantage, being learned more quickly than the ‘what’ 
task, suggesting that the ‘where’ task is computationally easier. When the model 
was damaged at a layer lying before the separation of the two pathways, the 
‘w hat’ and ‘where’ tasks were affected unequally. As predicted, performance on 
the ‘w hat’ task was poorer than performance on the ‘where’ task, resulting in a 
dissociation in performance on these two tasks that resembled the dissociation 
seen in visual form agnosia.

However, a concern with Vecera’s (2002) proposal is the notion that ventral 
stream computations are more vulnerable than those of the dorsal stream. Gunn, 
Cory, Braddick, Wattem-Bell, Guzzetta and Gioni (2002) tested form and motion 
coherence thresholds in children and adults on the assumption that these tasks 
measure visual processing in the ventral and dorsal streams respectively. The two 
tasks both involve extraction of global organisation from local visual signals. In 
motion coherence a proportion of dots in an array move in the same direction; 
in form coherence, a proportion of static lines are oriented to form concentric 
circles. Gunn et a l (2002) found greater variability and some evidence of delay 
in development of motion coherence in comparison to form coherence in normal 
children. A group of children with hemiplegic cerebral palsy showed impaired mo
tion coherence, but not form coherence thresholds. Gunn et al (2002) suggested
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that the dorsal stream is more vulnerable to early neurological impairment, in 
disagreement with Vecera’s proposal. However, earlier work on fMRI in adults 
performing form and motion coherence tasks found that, while these two tasks 
activated separate networks, both networks included areas within the occipital, 
temporal and parietal lobes, rather than areas within separate dorsal and ventral 
streams (Braddick, O’Brien, W att am-Bell, Atkinson and Turner, 2000). There
fore, while it may be possible to conclude that motion coherence performance is 
somewhat delayed with respect to form coherence, and more vulnerable to early 
neurological impairment, it is not clear tha t this represents a distinction between 
separate dorsal and ventral stream processing.

If this possible concern about the relative vulnerability of the two streams is 
temporarily set aside, Vecera’s (2002) account of the dissociation seen between 
perception and action in visual form agnosia provides an adequate explanation, 
and additionally follows Milner and Goodale’s (Goodale and Milner, 1992; Mil
ner and Goodale, 1995) transformation account in which both the ventral and 
dorsal pathways receive the same input but use or transform this information 
in different ways. However, I have additional concerns about a number of issues 
regarding Vecera’s (2002) explanation. As already described, Vecera’s (2002) first 
concern about the ventral disconnection account does not necessarily follow from 
the available data. Vecera’s (2002) other concern regarding this explanation is 
that it assumes locality. Yet Vecera’s (2002) only explanation for the opposite 
dissociation seen in patients with optic ataxia was that this results from dam
age localised to the dorsal processing stream, and therefore his account suffers 
from the same criticism as the ventral disconnection account. Vecera (2002) 
stated that the large bilateral lesions suffered by the optic ataxic patient tested 
by Goodale, Jakobson and Keillor (1994a) are consistent with this proposal, yet 
failed to comment on the location of the damage suffered by patient D.F. to ar
eas of the ventral stream from V2 to IT, but critically not early visual area VI, 
which suggests that her problems arise from a more specific damage to the ven
tral stream, rather than to common input areas. I suggest that Vecera’s (2002) 
model may apply more appropriately to patients with blindsight following dam
age to striate cortexb These patients also show less accurate visuomotor skills 
than D.F.; Milner (1998) suggested that this is because D.F. has a relatively in-

^Blindsight is discussed in further detail in sections 1.3.4 and 2.7
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tact striate cortex which can be used to convey visual information to the dorsal 
stream, whereas blindsight patients have to rely on a secondary, extrageniculate 
pathway. Perhaps the poorer performance in blindsight patients instead reflects 
the fact that input to both streams has been damaged, so the perception/action 
dissociation in blindsight represents a dissociation between two systems impaired 
to different degrees, rather than between an impaired and a reasonably intact 
system.

Vecera (2002) suggested that ventral stream processing is more computationally 
complex because object identity is less separable than spatial localisation. While 
this may be true, in other ways it would seem that ventral stream processing 
is less demanding; specifically in terms of temporal demands. Dorsal stream 
function according to Goodale and Milner does not just involve the processing of 
spatial localisation; it requires the processing of all necessary visual information 
for the guidance of action. A large part of this is analysis of motion, both of 
objects in the visual array and of the motion of the observer him/herself who is 
attempting to interact with an object. Motion processing and action control place 
high demands on temporal precision; the visual information must be analysed at 
the correct time, while object recognition need not be performed with such precise 
time restrictions. Spatial localisation, when considered in isolation, may be less 
computationally complex than object identification, as Vecera (2002) suggested. 
However, this does not necessarily mean that the whole range of computations 
carried out by the dorsal stream in order to guide action are less demanding than 
those carried out by the ventral stream.

1.3.2 Optic ataxia

A double dissociation between impairments affecting perception and visually 
guided action would provide more evidence supporting Goodale and Milner’s 
dual stream hypothesis. Patients showing the opposite pattern of impairments to 
D.F. have been described, such as R.V., who was left with large bilateral occip
itoparietal lesions following strokes, resulting in optic ataxia. She has difficulty 
in using visual information to control reaching actions, yet can identify and dis
criminate the same objects. Goodale, Meenan, Biilthoff, Nicolle, Murphy and 
Racicot (1994b) compared patients D.F. and R.V. When presented with pairs
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of shapes for same/different judgements, D.F. was severely impaired, while R.V. 
scored 80-90% correct. However, when asked to pick up the objects in a precision 
grip, D.F.’s performance was similar to non brain-damaged controls, whereas R.V. 
chose unstable grasp points that stabilised only after contact was made. D .F.’s 
brain damage seems to have interrupted the normal flow of orientation, shape and 
contour information into her perceptual system without affecting the processing 
of such information by her visuomotor control systems. R.V. shows the opposite 
pattern, able to visually discriminate objects but not to use information about 
object properties to guide actions directed at them. This double dissociation 
supports the proposal tha t the visual mechanisms underlying the perception of 
objects are distinct from those mediating the control of skilled action.

Pisella, Grea, Tilikete, Vighetto, Desmurget, Rode, Boisson and Rossetti (2000) 
suggested that posterior parietal cortex represents an ‘automatic pilot’ for the 
hand, which fails in optic ataxia. They required normal subjects and an optic 
ataxic patient, I.G., to either make corrective pointing movements or interrupt 
movement in response to a change in target location. This change was indicated 
by either a target jump or a colour change. In conditions in which the change was 
signalled by a jump, subjects were required to make pointing movements towards 
a green target. On some (perturbation) trials, this green target unexpectedly 
jumped to the left or right. Depending on instructions given, subjects were 
required to either correct their movement to the new location of the target, or 
to interrupt their movement, and stop before their flnger touched the screen. 
In conditions in which target change was signalled by a colour change, both 
a red and green target were presented at the start of a trial. Subjects were 
required to point at the green target. On perturbation trials, the colours were 
unexpectedly interchanged. Subjects were required to either correct their point 
to the green target, or stop before touching the screen. Pisella et al. (2000) found 
that when perturbation trials involved a jump in target location, normal subjects 
could make fast corrective movements without an increase in total movement 
duration. However, when they were required to stop, a signiflcant percentage of 
corrective movements occurred. Subjects expressed frustration at this inability 
to stop automatic correction. When the perturbation cue was a colour change, 
no erroneous automatic corrections were seen when subjects were required to 
stop the movement. When corrective movements were required, these involved a

35



1. Cortical Streams for Perception and Action

significant increase in movement duration.

Particularly interesting in this study was the comparison of neurologically in
tact subjects with an optic ataxic patient. Patient I.G. suffered an ischemic 
stroke, resulting in bilateral posterior parietal lesions. She showed no somatosen
sory or visual deficits, but in reaching her hand posture was often inappropriate 
in terms of aperture and orientation, and grip was usually corrected only after 
tactile feedback. In comparison to normal controls, I.G. showed no disallowed 
corrective movements in response to a target jump with ‘stop’ instructions, and 
only slow (required) corrective movements to target jumps. However, in target 
colour changes, I.G. showed timing of corrective responses which was very similar 
to controls. In other words, only automatic corrections for target jumps were 
impaired.

This study created a conflict between the hand’s ‘automatic pilot’ and voluntary 
motor control. Pisella et al. (2000) suggested tha t the specificity for the spatial 
attribute (target jump) and high speed constraints indicate that the dorsal stream 
may be the substrate for the hand’s automatic pilot. This was supported by the 
finding that a patient with posterior parietal damage showed no evidence of an 
automatic pilot. This evidence is consistent with physiological evidence^, and 
with notions of dorsal stream representations. Dorsal stream representations are 
proposed to be constructed online and constantly updated^. This is consistent 
with the idea that a corrective response driven by the dorsal stream is likely to 
be very fast and automatic, and not under voluntary controP. Colour is a cue 
thought to be predominantly processed by area V4, located within the ventral 
stream. It is therefore reasonable to suggest tha t subjects (both normal and 
patient) relied on ventral stream processing when responding to a colour change 
cue.

^See section 1.5 
^See section 1.4 
^Discussed later in section 2.7
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1.3.3 Visual neglect

Lesions of the right parietal lobe often give rise to the disorder of unilateral ne
glect, in which patients lose awareness for visual events on the left (contralesional) 
side of space. Patients may neglect to eat food on the left side of the plate, fail to 
dress the left side of the body, or miss words from the left side of the page while 
reading. These impairments of visual attention for objects on the contralesional 
side of space are consistent with Ungerleider and Mishkin’s (1982) view that 
the parietal cortex is part of a dorsal ‘where’ pathway. Traditionally, therefore, 
neglect has been seen as a disorder of the dorsal stream, resulting in problems 
with attention to, and formation of, representations of the spatial locations of 
contralesional stimuli.

Pritchard, Milner, Dijkerman and MacWalter (1997) found that a neglect patient 
underestimated the width of a cylinder when it appeared on her left side. How
ever, when she was asked to reach out and grasp the cylinder, she scaled her 
grip accurately to the size of the object, irrespective of which side it appeared 
on. This suggests that while the patient’s perception was distorted by the lesion, 
her visuomotor functioning was relatively normal, thus indicating it is not dorsal 
stream damage which underlies neglect, as has been widely assumed. Recent 
evidence has shown that the critical site for neglect is in the ventral part of the 
parietal lobe, whereas the critical site for visually guided movement is in supe
rior parts of the parietal lobe (see Milner, 1998). In fact, the most commonly 
affected area in neglect is the inferior parietal lobe (IPL). Milner and Goodale
(1995) argued that neglect and optic ataxia represent damage to different parts of 
the parietal cortex, and suggested that the IPL is part of the ventral perceptual 
stream, whereas the superior parietal lobe is part of the dorsal stream.

Castiello, Paine and Wales (2002) reported a patient who has spent all his life 
without the left parietal cortex, probably as the result of a congenital perinatal 
insult. Patient I.W. was only diagnosed at age 74, during an evaluation of glau
coma. His damage encompassed the entirety of the parietal cortex, so he might 
be expected to show some signs of neglect and optic ataxia. In fact, I.W. showed 
no sensory impairment, had no problems with object identification and recogni
tion, and showed no evidence of optic ataxia, neglect or extinction. However,
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when reaching to grasp a stationary or rotating cylinder, he consistently grasped 
to the left side of the object, even when the cylinder was placed to the left of 
the starting position so that he had to reach far across his body to grasp the left 
side. Castiello et al. (2002) suggested that I.W .’s right hemisphere has been able 
to compensate for the loss of the left parietal cortex for perceptual functions, 
but cannot entirely compensate for the visuomotor system. As the whole of the 
left parietal lobe has been lost, areas within both the ventral and dorsal streams 
are damaged. These data further indicate that the parietal cortex is involved 
in the selection and execution of visually guided movements. In addition they 
suggest that compensatory functions may be carried out for perception but not 
for vision-for-action.

1.3.4 Blindsight

Blindsight patients, with damaged striate cortex, may still retain some resid
ual visual ability, and show accurate responses to stimuli in the blind field in a 
number of respects, despite reporting themselves unaware of the stimuli. These 
abilities may be due to an alternative pathway into the extrastriate visual areas 
of the dorsal stream via the superior colliculus, which by-passes striate cortex. 
This conforms to Schneider’s (1969) ® original proposal that there are two visual 
modules, one involving the superior colliculus, and one involving the geniculostri
ate system. Blindsight patients are unable to visually identify objects, but their 
intact route to PPC via the superior colliculus means that spatial localisation is 
possible.

The phenomenon of blindsight can also be explained in a similar way when the 
more recent version of the two visual streams hypothesis proposed by Goodale and 
Milner is considered. According to this theory, damaged striate cortex prevents 
visual information being passed to areas of the ventral stream, and therefore 
reaching consciousness®, but the intact superior colliculus offers an alternative 
route into the posterior parietal cortex of the dorsal stream, and so visually 
guided action is possible. While Schneider (1969) sugggested that the module 
involving the superior colliculus is responsible for spatial localisation, Goodale

^See section 1.2.1
®The concept of blindsight is discussed in greater detail later in section 2.7.
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and Milner (Goodale and Milner, 1992; Milner and Goodale, 1995) view it as a 
route to posterior parietal cortex which is additional to the dorsal cortical stream. 
Visuomotor skills seen in blindsight patients are not as accurate as those exhibited 
by D.F., probably because D.F. has a relatively intact striate cortex which can 
be used to convey visual information to the dorsal stream, whereas blindsight 
patients have to rely on a secondary, extrageniculate pathway (Milner 1998).

1-4 Frames of reference for perception and action

The visual control of action requires an egocentric frame of reference, in which 
visual information is coded with respect to the viewer (Milner and Goodale, 
1995). To interact with an object, it is not enough to know its relative size and 
location compared to neighbouring objects. One must have metrically accurate 
information about the absolute size of an object and its distance from the viewer 
and the reaching limb, otherwise the interaction is unlikely to be successful. The 
local orientation and location of an object must be encoded with respect to the 
observer. Moreover, the position and location of a goal object in the action space 
of an observer is rarely constant and therefore these computations must be carried 
out each time an action occurs. Even during a single action the computations 
must be constantly updated, as the coding of an object’s properties with respect 
to the viewer will change as the viewer moves. For this reason the representation 
of the visual target encoded by the dorsal stream is likely to be short-lived; as 
soon as the viewer moves, the current representation is out of date.

In contrast, storing the position of an object in relation to the observer at one 
moment would not be useful for purposes of recognition at a later time. The 
major purpose of perception is to identify objects and locations and to tag them 
with meaning. In addition, object constancy is required; an object must be 
recognised as one and the same object across changes in viewing conditions. The 
same object can look very different depending on factors such as its position, 
orientation and current lighting conditions. Human visual perception is therefore 
fairly insensitive to arbitrary changes in scale and perspective. People have no 
difficulty in viewing television, where the spatial relationships are arbitrary in 
relation to those of the real world; it is the size and location of objects relative
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to those around them that is important.

If an object’s location must be stored in a long-term sense, for example, remem
bering the layout of a familiar place, the best form of spatial coding would be 
one in which the object is located in relation to stable surrounding objects or 
landmarks. This is what is referred to as coding within an allocentric frame 
of reference, which can be described as a frame which is fixed in space, as op
posed to an egocentric frame which is fixed on the observer. Visual perception 
is concerned with enduring characteristics of objects so they can be recognised 
when encountered again in different visual contexts or from different viewpoints 
(Goodale, 1993; Goodale and Haffenden, 1998). In brief, visual perception relies 
on a relative or allocentric frame of reference^ and on the relative sizes of objects 
in an array rather than their absolute size, distance or location.

Patient D.F. has damage to the ventral stream, but can make accurate reaching 
movements towards objects despite difficulty in identifying them. If allocentric 
(or relative) coding is largely restricted to the ventral stream and egocentric 
coding to the dorsal stream, D.F.’s visual system might be expected to rely only 
on egocentric coding. This is what Dijkerman, Milner and Garey (1998) found 
when D.F. was required to perform a grasping action that required allocentric 
coding. They presented D.F. with disks with two or three holes in, to be grasped 
by placing thumb and forefinger or thumb, forefinger and middle finger in the 
holes. D.F. was somewhat impaired at two-hole disks, but could orient her hand 
appropriately. However she was unable to scale her grip for three-hole disks. 
The three-hole arrangement involved coding the relative positions of the holes in 
order to insert the correct finger into the correct hole. The dorsal stream alone 
could use egocentric coding to guide D .F.’s forefinger to one of the holes and then 
rotate her wrist to the orientation formed by the two holes. D.F. was impaired 
even on the two-hole disks, because the opening of the hnger-thumb grasp and the 
choice of the correct hole for the forehnger would be most effectively guided by 
coding the relative hole positions on the disk. Dijkerman et al. (1998) concluded 
that allocentric processing of spatial information requires a functioning ventral

^Strictly speaking, ‘allocentric’ refers to a specifically spatial frame of reference, while ‘rel
ative’ covers features of objects such as size and colour which are coded relative to their sur
roundings. In this thesis the term ‘relative’ is intended to encompass the idea of ‘allocentric’ 
also.
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stream, even when the information is being used to guide a motor response. This 
is discussed further in section 2.5.

1.5 Biological underpinnings of the two visual 
systems

Neurophysiological evidence also supports the existence of differences in repre
sentation for visual identification and visually guided action. There is a clear 
segregation of those cortical areas sensitive to motion, implying recognition of 
movement. These areas are possibly also involved in control of the individual’s 
own movement, giving information of one’s own rate of movement across the 
ground or movement of the hand towards an object. Even at the level of the 
geniculate there is a separation between layers sensitive to colour and form, the 
parvocellular layers, and those with temporal sensitivity, well suited to carry the 
input for later sensitivity to motion direction, the magnocellular layers (Living
stone and Hubei, 1988). The magnocellular and parvocellular pathways remain 
well separated beyond VI. For example, layer 4B, which receives predominantly 
magnocellular input, projects to medial temporal area® (Maunsell and Van Es
sen, 1983). The main projection from VI is to V2, which also shows a regular 
pattern (of stripes) when stained for cytochrome oxidase. Layer 4B projects to 
the thick stripes of V2, the blobs to the thin stripes and the interblobs to the in
terstripe regions, retaining their similar properties respectively (Shipp and Zeki, 
1985). That is, cells in layer 4B of VI, like the thick stripes of V2 are tuned for 
retinal disparity, motion direction and orientation. Cells in the thin stripes, like 
the blobs of VI, show no orientation selectivity, but many are sensitive to colour

Livingstone and Hubei (1988) suggested tha t the differential selectivity seen in 
the visual areas of the dorsal and ventral pathways represents a continuation of 
the magnocellular and parvocellular systems. However, while relatively separated 
pathways can be traced from the parvocellular and magnocellular layers of the 
lateral geniculate nucleus through VI and V2, and then to V4 and MT respec
tively, these are not the only connections. MT cell responses are almost always

*Area MT, analagous to area V5 in human neuroanatomy
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reduced by selectively blocking the LGN magnocellular layers, but some cells are 
also affected by a parvocellular block (Maunsell, Nealy and DePriest, 1990). V4 
cell responses, however, are affected equally by blocking of magno or parvocel
lular layers (Ferrera, Nealey and Maunsell, 1994). This implies that both dorsal 
and ventral streams receive input from both magno and parvocellular pathways. 
Goodale and Milner’s (1992) redefinition of the two stream hypothesis focuses on 
the way each visual stream uses the information it receives, and does not require 
that the information itself be fundamentally different. The following sections 
review evidence that the coding and selectivity of cells in the two pathways are 
different.

The anatomical distinction between the two visual streams is largely based on 
neurophysiological studies in monkeys, and, while caution should be exercised in 
generalising from monkey to human neuroanatomy, it seems likely that there is 
a similar separation into dorsal and ventral streams in the human, a prediction 
which was upheld by later neuroimaging studies (see Goodale and Humphrey, 
1998, for a review).

1.5.1 Ventral pathway

Neurophysiological evidence has suggested that the ventral pathway is necessary 
for recognition and identification of objects.

Cells in IT and the superior temporal sulcus (STS) have been found to be selective 
for the identity of objects. Kobatake and Tanaka (1994) identified critical features 
for activation of cells at different stages of the macaque ventral pathway. Anterior 
IT cells were found to show distinctive selectivity to particular complex features, 
for example, one cell was found to have a critical feature defined as “a rounded 
projection from a rounded body with a concave smooth neck” . W ithin the set of 
three-dimensional object stimuli, this cell was activated by a pear model. Some 
V4 and posterior IT cells also showed this selectivity to complex critical features, 
but others could also be activated by some simple stimuli. V2 cells did not show 
maximal selectivity to complex object features. These findings suggest that in 
the ventral stream features are progressively integrated to build up selectivity to 
complex objects.
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This selectivity can extend to stimuli as complex as faces, and some cells even 
respond to individual faces (Perrett, Harries, Becan, Thomas, Benson, Mistlin, 
Chitty, Hietanen and Ortega, 1989; Perrett, Oram, Hietanen and Benson, 1994; 
Perrett, Benson, Hietanen, Oram and Dittrich, 1995). Experience can have an 
effect, altering the response selectivity. Logothetis, Pauls and Poggio (1995) 
trained monkeys to identify novel, computer generated three-dimensional objects 
and found a population of IT neurones that responded selectively to the previously 
unfamiliar objects. Some IT and STS cells maintain their selectivity irrespective 
of viewpoint, retinal image size, colour and lighting. For example, Perrett, Smith, 
Potter, Mistlin, Head, Milner and Jeeves (1984) found cells in macaque tempo
ral cortex that are sensitive to the identity of faces. This selectivity persisted 
across viewing conditions such as changing expression, orientation, colour, size 
and distance. Hietanen, Perrett, Oram, Benson and Dittrich (1992) found that 
there are cells selective for particular head views in the macaque temporal cor
tex which maintain their selectivity independent of lighting direction. Certain 
cells within the temporal cortex appear to be more concerned with the enduring 
characteristics of objects, forming the basic raw material for recognition memory 
and other long-term representations of the visual world. Such object constancy 
is in agreement with the view that the ventral stream uses object-centred, rela
tive coding. Object-centred cells are a minority, however. Most cells in IT are 
not object-centred, and are optimally responsive to particular views of objects or 
particular object features. Perrett, Oram, Harries, Bevan, Hietanen, Benson and 
Thomas (1991) reported a study of object- and viewer-centred cells responsive 
to the sight of the head in macaque STS. They found that the majority of cells 
were viewer-centred, responding optimally to certain views of the head. How
ever, a small number (five out of one hundred and twenty) were object-centred, 
responding equally to all views of the head. It has been suggested that several 
‘viewer-centred’ cells may converge, allowing their information to be combined 
and resulting in the properties of ‘object-centred’ cells. Viewer-centred cells have 
been found to respond more rapidly than object-centred cells, consistent with 
the suggestion that object-centred cells are summing input from a number of 
viewer-centred cells (Perrett, Mistlin and Chitty, 1987).
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1.5.2 Dorsal pathway

Identifying the system involved in visual control of skilled action highlights an 
anatomical problem; vision can be said to be mediated via primary visual cortex, 
motor output via primary motor cortex. Visually guided movement therefore 
requires these two cortical areas to be connected. It is generally assumed that 
the information is conveyed via a series of cortico-cortical connections from visual 
cortex to motor cortex (another important route via the pons and cerebellum is 
discussed in section 1.5.2.3). Neuropsychological evidence suggests that damage 
to the parietal lobe can impair the ability to use information about an object 
to guide an action performed on that object, thus the parietal lobe is implicated 
in the visual control of movement. Cells in posterior parietal cortex have been 
shown to be involved in visual fixation, pursuit eye movements, saccades, visually 
guided reaching and manipulation of objects (Goodale, 1993).

Jeannerod (1996) suggested that the dorsal stream itself is divisible into at least 
two subsystems, controlling the reach and grasp components of prehension move
ments. One subsystem projects from VI via the occipito-parietal extrastriate area 
to the dorsal premotor cortex, both directly and via the mediodorsal parietal and 
medial intraparietal areas in the intraparietal sulcus. This pathway is involved in 
coding the direction of movements, including the reach component of prehension. 
A second subsystem projects from VI though dorsal extrastriate areas of the oc
cipital lobe and the anterior intraparietal area (AIP) to ventral premotor cortex, 
and is involved in the shaping of the hand in the grasp component of prehension.

1.5.2.1 The role of area AIP

The role of area AIP in the grasp component of prehension movements is illus
trated by the finding tha t lesions to this area in monkeys result in impaired grasp 
formation, but almost no impairment at all in moving the hand to an appropriate 
point in space (Gallese, Murata, Kaseda, Niki and Sakata, 1994).

Sakata and colleagues (Sakata, 1996; Sakata, Taira, Kusunoki, M urata and 
Tanaka, 1997) identified three types of cell in the rostral part of the posterior
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bank of the intraparietal sulcus in the monkey (corresponding to area AIP in 
human neuroanatomy) which is connected to the premotor cortex. The monkeys 
manipulated various types of switches which involved using different types of hand 
or finger movements. Most neurones were selectively activated when grasping one 
or two of the objects. The three types of cells were identified by their differential 
responses when the monkey acted in normal lighting conditions or in the dark, 
guided by a spot of light. ‘Motor dominant’ neurones showed no difference in 
activity, ‘visual and motor’ neurones were less active in the dark, and ‘visual 
dominant’ neurones were only active in the light. Motor dominant neurones also 
coded elementary motor acts, such as precision grip and whole hand grip. Visual 
and motor neurones tended to be most activated when the visually effective ob
ject and type of grip coded coincided. Many visual and motor neurones would 
respond to an object affording a particular grip without movement, and also to 
that grip in the dark, but were maximally activated when both occurred at the 
same time. Many visual dominant neurones were also activated by the sight of 
objects without grasping. Thus area AIP appears to contain neurones which code 
visual information, motor information or both, and may be a prime site for vi
suomotor transformation to take place. It also has strong connections to area F5 
of the premotor cortex, where neurones code more detailed aspects of movements 
than the motor dominant neurones of AIP (Lemon, Mantel and Muir, 1986).

Murata, Gallese, Luppino, Kaseda and Sakata (2000) investigated the coding of 
neurones in monkey area AIP further, studying the activity of neurones during 
grasping or fixation on three-dimensional objects of different shapes, sizes and 
orientations. Murata et al. (2000) found that more than half of the visually 
responsive neurones® active during the hand-manipulation task were also respon
sive during object fixation alone. These were further classified as object-type 
neurones, as opposed to nonobject-type neurones that were not active during 
object fixation alone. M urata et al. (2000) also studied the selectivity of these 
neurones to shape, size and orientation. Many object-type neurones were found 
to be highly selective to object shape, responding optimally to one of the six 3D 
shapes presented. Moderately shape-selective object-type neurones responded to 
object features, such as flatness and roundness. Some nonobject-type neurones 
were also moderately shape-selective; these neurones were found to be more selec-

^Visual-dominant and visual-and-mctor neurones were grouped together in this study
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tive for the hand grip required for particular objects than for object shape itself. 
Object-type neurones that were selective for the plate or ring objects were also 
found to be selective for their orientation. Nonobject-type and motor-dominant 
neurones were also orientation-selective, probably representing the orientation 
of the hand rather than the orientation of the object, so area AIP may play 
a role in adjusting hand orientation to the orientation of objects. The major
ity of object-type neurones, more than half of nonobject-type neurones and all 
motor-dominant neurones tested showed size selectivity. Almost all size selective 
neurones were also selective for shape. The nonobject-type and motor-dominant 
neurones are likely to be representing grip size combined with grip shape. Sereno 
and Maunsell (1998) also showed that many neurones in the primate PPC show 
shape selectivity to two-dimensional geometric shapes while a fixation task is 
performed. Combined with neuropsychological evidence, these data corroborate 
Milner and Goodale’s suggestion that the two visual streams receive the same 
information, but use it in different ways. Visual shape and size information ap
pears to be represented in the dorsal pathway as well as the ventral pathway, but 
in the former case it is likely to be used for the control of grip, whereas in the 
latter it is used for shape and size perception.

1.5.2.2 Rapid updating in dorsal stream neurones

Pisella et al. (2000) suggested that the dorsal stream is the substrate for an 
‘automatic pilot’ for the hand (see section 1.3.2), which allows very fast, automatic 
correction movements to be performed, which in some circumstances are not 
under voluntary control. This is supported by evidence of direct anatomical 
projections from parietal areas to dorsal premotor cortex (Rossetti, Pisella and 
Pélisson, 2000; Tanné, Boussand, Boyer-Zeller and Rouiller, 1995) and by very 
short neuronal latencies to visual stimulation demonstrated in posterior parietal 
cortex (Nowak and Bullier, 1997).

Some parietal cells respond when an eye movement brings the site of a previously 
flashed stimulus into the cell’s receptive field. Cells in parietal cortex therefore 
appear to update cortical representation of visual space to provide a continuously 
accurate representation of the location of objects in the world with respect to the
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viewer (Goodale, 1993). This type of coding would facilitate the egocentric coding 
which is thought to be most useful for the visual guidance of action.

1.5.2.3 A role for the cerebellum?

There is another underemphasized candidate for the connection of visual areas 
with motor areas. If the corpus callosum is severed, and a monkey is taught 
a problem with one eye, for example, respond to one of two visual targets, the 
knowledge does not transfer to the other eye, and the monkey appears completely 
naïve when tested with the other eye. Similarly, if a monkey is taught tactile 
discrimination between two shapes with one arm, the knowledge does not transfer 
to the other arm. However, the motor component of the task does transfer. 
The monkey transfers the tendency to reach out and feel the two objects before 
selecting one of them, but does not know the discrimination and performs at 
chance levels (Glickstein and Sperry, 1960). This implies that there must be a 
route, probably subcortical, by which the motor components had been transferred 
other than via the corpus callosum. There are major connections from the cortex 
to the pontine nuclei of the cerebellum. W ithin visual cortex, there are few 
projections from VI or IT, but dense projections from parietal areas. Visual 
information may be transferred from the parietal cortex to the motor cortex via 
the pons and cerebellum, allowing transfer of the motor output despite the severed 
corpus callosum. As the cerebellum is implicated in fine motor control, it may be 
that the posterior parietal cortex also modulates the activity of these visuomotor 
networks via this route.

1.5.3 Neuroimaging evidence from humans

The cortical dissociation between object recognition and visuomotor processing 
can be studied in normal human subjects by requiring subjects to perform tasks 
while concurrently monitoring brain activity. Faillenot, Toni, Decety, Grégoire 
and Jeannerod (1997) asked subjects to perform either grasping actions or a ver
bal object matching task. Positron emission tomography (PET) was used to 
examine which areas were specifically active during each task. In grasping, most 
activity was found in inferior parietal cortex contralateral to the grasping hand,
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the cerbellum and areas around the central sulcus, including lateral premotor 
cortex. In object matching, most activity was seen in the right inferotemporal 
cortex, just above the temporo-occipital sulcus. Activity in the posterior and dor
sal parts of the parietal cortex during both tasks indicated that object perception 
involves processing in both the dorsal and ventral streams.

Decety, Grezes, Costes, Perani, Jeannerod, Procyk, Grassi and Fazio (1997) pre
sented subjects with films of pantomimed actions and required them either to 
make a recognition judgement or imitate the action after the viewing period. 
PET scans during the viewing period showed that when subjects observed ac
tions with the intention to imitate, brain areas activated were consistent with the 
dorsal pathways, reaching the premotor cortex. When subjects observed with the 
intention to recognise actions, the ventral pathway was activated.

In a similar study, Grezes, Costes and Decety (1998) presented films of pan
tomimed meaningful or meaningless actions. This time, subjects either viewed 
the film without any specific aim, or with the aim to imitate. Observation of 
meaningful and meaningless actions without any specific aim activated a com
mon set of brain areas, including the occipito-temporal junction and superior 
occipital gyrus bilaterally, and the middle temporal gyrus and inferior parietal 
lobe in the left hemisphere. These are all areas which could be largely classified 
as ventral areas. When actions were viewed with no specific aim, meaningful and 
meaningless actions also each activated specific regions. However, when actions 
were viewed with the aim to imitate, meaningful and meaningless actions shared 
almost the same network, located in the right cerebellum and bilaterally in the 
dorsal pathway to the premotor cortex (reported in Decety, 1999). The authors 
concluded that when perception of action has the goal of imitation, information is 
processed primarily in the dorsal pathway and semantic information is not neces
sarily required (therefore there is very little differential activation for meaningful 
and meaningless actions).
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2. Two Visual Systems: 
Behavioural Evidence, Origins 
and Alternatives

2.1 Introduction

In this chapter some of the properties of the two proposed visual systems will be 
considered. The different types of information that may be required to serve the 
two functions of vision have been discussed in Chapter 1 (section 1.4). Studies 
are reported in this chapter which have used pictorial illusions to exploit this 
and investigate the dissociation of the two visual streams in normal observers. 
Postulated evolutionary origins and development of the two separate visual sys
tems will be described, and possible evolutionary advantages of the visual system 
being organised in this way will be discussed. Finally, ways in which this body of 
data can help shed some light on the relationship between vision and cognition 
are considered, along with some alternative theories which have been proposed.

2.2 Illusions in perception and action

Visual illusions are a possible means by which the dual route hypothesis can 
be tested, and offer a way of dissociating the functions of the dorsal and ventral 
streams in non brain-damaged individuals. Bridgeman, Kirch and Sperling (1981) 
showed that reaching movements were affected little when a background was 
displaced so that a stationary target appeared to move in the opposite direction; 
despite reporting that they saw the target move, subjects pointed to its actual 
location. Perception of the target was presumably judged relative to the frame, 
and, since in a normal situation an object is likely to move but backgrounds rarely 
do, it was assumed that the target had moved rather than the frame. However,
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pointing to the target location focuses on its physical location irrespective of the 
context in which it is placed. Visual illusions tend to result when a target is judged 
relative to surrounding objects, and its size/ depth/ shape is wrongly estimated. 
As the ventral perceptual system is hypothesised to use relative information and 
the dorsal visuomotor system absolute information, the ventral stream may be 
influenced by the illusory configurations, while the dorsal stream is unaffected.

2.2.1 Evidence supporting a perception/action dissociation: 
little or no effect of illusion on action

In everyday perception, people are presented with a vast amount of information. 
Our perception of the world can sometimes be misleading; objects may appear 
to be closer or further away, larger or smaller than they really are. This does 
not usually have a detrimental impact on our understanding of the visual world, 
and we are rarely even aware of it unless it is pointed out to us. People are 
readily susceptible to size-contrast illusions in which identically sized objects are 
positioned near much smaller or much larger stimuli. Figure 2.1 shows such an 
illusion, the Titchener Circles or Ebbinghaus illusion, in which two equal-sized 
circles are displayed, each surrounded by a circular array of either smaller or 
larger circles. Typically the target surrounded by small circles appears to be 
larger than the target surrounded by large circles. By increasing the size of the 
target within the array of large circles (or decreasing the size of the target within 
small circles), it is possible to make the two targets look the same size.

In size or shape illusions the way in which an array is perceived differs from its 
physical dimensions. If this were due to coding elements of the array relative to 
each other, the illusion would be expected to have different effects on systems me
diating perception and control of action. This dissociation has been demonstrated 
using the Titchener Circles illusion.

Aglioti, DeSouza and Goodale (1995) designed a three-dimensional version of 
the Titchener Circles illusion using thin plastic disks as the target centre circles. 
Subjects were asked to pick up the left or right disk, depending on whether they 
looked the same or different in size. Maximum in-flight aperture between finger 
and thumb was used as a measure of accuracy of grip. This has been shown in
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Figure 2.1: The Titchener Circles or Ebbinghaus illusion: The circle on the left, 
surrounded by an annulus of larger circles typically looks smaller than the circle 
surrounded by an annulus of smaller circles.

previous studies to be finely tuned and scaled to the size of objects to be grasped 
(Jakobson and Goodale, 1991). Subjects’ grip was found to be scaled to the real 
size of the disks, although their choice of which disk to pick up indicated their 
perceptual susceptibility to the illusion.

Aglioti et al. (1995) suggested that the perception of object size and scaling of 
grip in object interaction depend on different neural computations. However, 
there were a number of problems with this study. Subjects had visual feedback 
of their hand and the stimulus, so it is possible tha t they may have been ad
justing their grip aperture in flight. Perception of the disk size was measured 
by a same/different forced choice judgement, while grasp was measured using a 
continuous measure. Haffenden and Goodale (1998) therefore repeated the study 
in open-loop conditions, in which subjects had no opportunity to view the tar
get or their hand during the grasping procedure. In order to use a continuous 
measurement for both perception and grasp, subjects were required to make a 
manual estimation of the width of the disk by opening their index finger and 
thumb a matching amount, also in open-loop conditions. This task used similar 
musculature to the grasping response, but as it was not a goal-directed action
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towards the object, it was considered to represent a ‘read-out’ of the information 
in the perceptual system. D.F. has been found to be unable to make accurate 
manual estimations of the size of shapes (Goodale et ai, 1991). Grip aperture 
was scaled to the physical size of the disks, but manual estimation was biased 
in the direction of the illusion, providing further evidence for the separation of 
visual processing for perception and guidance of action.

Mack, Heuer, Villardi and Chambers (1985) discussed the Miiller-Lyer illusion 
(figure 2.2) in terms of a dissociation between position and extent. They found 
that measures of the perceived position of the vertices of Miiller-Lyer figures 
showed little or no distortion. Measures of the perceived extent of the figure (i.e. 
the length of the shaft) showed large distortions.

Figure 2.2: The Miiller-Lyer illusion: Typically the shaft of the closed 
configuration of the figure (top) is perceived to be shorter than that of the open 
configuration (bottom)

However, these results could be explained equally well in terms of a dissociation 
between perceptual and visuomotor responses. The measure of perceived position 
required subjects to reach out and mark the position of the vertices of the Miiller- 
Lyer figure, either with their unseen hand or with their visible hand after the 
stimulus had been removed. In the former case there was no illusion effect, in 
the latter only a small effect. The task measuring distortion of extent involved 
perceptual judgements of the illusion, the subject indicating when the two lines
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appeared to be the same length. Mack et al. (1985) reported that subjects reached 
immediately after the figure disappeared, however the small illusion effect found 
when reaching to the remembered positions may be explained by a tendency to 
rely more on relative coding after a delay in which the short-lived egocentric 
representation may have decayed. Subjects also reached with visual feedback, 
and so were essentially pantomiming a point to the location of the vertices of the 
figure. It has been suggested that pantomimed actions are driven by the ventral 
stream (Goodale et a l, 1994a; Westwood, Chapman and Roy, 2000b, see section 
2.3.3), so this may be an alternative explanation for the illusion effect found. In 
other words, the proposed dissociation of position and extent may in fact be due 
to a perceptual-motor dissociation.

Post and Welch (1996) investigated whether these results could be interpreted 
in terms of a dissociation between perceptual and motor responses. They used 
the Judd illusion (figure 2.3), in which the midpoint of an arrow is perceptually 
shifted towards the arrowhead end. Similarities to the Miiller-Lyer illusion are 
obvious, the Judd figure being essentially a combination of the two Miiller-Lyer 
configurations, although it is still unclear how or why either illusion works.

Figure 2.3: The Judd illusion: The mark in the centre of the arrow shaft is 
located at the bisector of the line, but is perceptually shifted towards the point.

Subjects were asked either to make perceptual judgements of the illusion, or to 
make open-loop reaches to the vertices or the midpoint of the shaft. The midpoint 
was either marked or unmarked, so subjects reached to either a physical location 
or the imagined bisector. Reaching to an imaginary bisector was biased in the 
direction of the perceived illusion, but reaching to a marked bisector was as 
accurate as reaching to a control figure (despite the fact that the marked bisector 
did not appear to be in the centre of the shaft). Post and Welch (1996) argued
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that in reaching to the unmarked bisector, subjects decided on the end position 
on the basis of their perceptual representation. They then reached accurately to 
this position. Thus subjects made accurate responses to the Judd illusion when 
the response required an analysis of position, and showed illusory biases when 
the response required analysis of extent. However, it is still possible that these 
results can be interpreted as a dissociation of perceptual and motor responses. 
In order to differentiate between these two possibilities, it is necessary to design 
both a perceptual and a motor response which analyse the same information. 
This is what was investigated in Experiment 1, where subjects were required to 
grasp or manually estimate a section of the figure above or below the (marked) 
bisector. This should involve analysing the length or extent of the target section 
to be grasped.

The now quite substantial body of evidence on the differential effects of pictorial 
illusions raises some concerns about the proposed visuomotor immunity to the 
distortions induced by such illusions. Several studies have found that there is an 
effect of illusion on action, albeit smaller than the perceptual effect. Gentilucci, 
Chieffi, Daprati, Saetti and Toni (1996) oriented the Miiller-Lyer illusion along 
subjects’ sagittal plane and studied pointing towards the more distant vertex un
der conditions with varying amounts of memory requirements. They found that 
even in a full vision, closed-loop condition, in which subjects had visual feedback 
from both hand and stimulus, a small illusion effect was found. This effect in
creased with conditions that demanded more reliance on memory to perform the 
action, the implications of which will be discussed later (see section 2.2.2.5). In 
a further experiment also using the Miiller-Lyer illusion, Daprati and Gentilucci 
(1997) studied grasping of a bar superimposed onto the shaft of either the open 
(fins pointing outwards) or closed (fins pointing inwards) configuration of the il
lusion. Again they found an effect on action, although it was much smaller than 
that found in a perceptual matching task and a drawing task. Gentilucci et al.
(1996) and Daprati and Gentilucci (1997) argued that there is a global analysis 
of the figure in allocentric coordinates, and the target is then transposed into 
egocentric coordinates for the purpose of action. This is proposed to focus on the 
target area, excluding other parts of the figure (i.e. the inducing elements) and 
thus reducing, but not eliminating, the effect of the illusion on action. However, 
Otto-de Haart, Carey and Milne (1999) have also studied grasping towards a bar
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replacing the shaft of the Miiller-Lyer figure and found no effect of the illusion 
on action.

Several other variations of the illusion experiment, using alternative illusions 
and/or responses have been investigated. Vishton, Rea, Cutting and Nunez 
(1999) compared the effects of the horizontal-vertical illusion on grasp and per
ceptual judgement. They found that when the grasp response required only 
egocentric coding, grip scaling was affected by the illusion to a much smaller de
gree than manual estimation.^ Ellis, Flanagan and Lederman (1999) used both 
the Judd illusion and a version of the Ponzo illusion, with grasp position instead 
of aperture as the response measure. In this experiment, subjects were required 
to pick up a steel bar so that it was balanced. In the Judd illusion the bar was 
placed along the arrow shaft; if choice of grasp position is influenced by the il
lusion, subjects should pick up the bar at the perceived bisector of the shaft in 
order to keep it balanced. In the Ponzo illusion converging lines cause the bar 
to be perceived as wider at the converging end, therefore if subjects’ choice of 
grasp position is influenced by the illusion they should choose a position closer to 
the converging end in order to keep the bar balanced. In fact Ellis et al. (1999) 
reported that while both grasp position and perceptual judgements were biased 
in the direction of the illusions, grasp position was more veridical than perceptual 
estimates (some criticisms of this study are reported in section 2.2.2.3).

2.2.2 Why are results from illusion studies inconsistent?

There is now a large body of research investigating the effects of pictorial illusions 
on perception and visual control of action. The majority have found a difference 
between the two responses, with action showing at least a reduced effect compared 
to perception. One of the main questions still needing to be answered is why these 
studies have proved to be so inconsistent. Some studies have found no effect 
of illusions on action, others have found a smaller but statistically significant 
effect, and still others claim to have found no difference in the illusion effects 
on perception and action. Various factors could have an influence on whether a 
differential illusion effect is seen. It is possible that there is a very small effect of 
illusion on action, which in some cases is not strong enough to reach statistical

^Discussed further in section 2.5.
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significance, accounting for the non-significant effects on action in some cases. 
Other possible explanations often consider the methodology used in different 
studies, for example, the effects of attention, obstacles and response type.

2.2.2.1 Methodology: Attentional differences

Pavani, Boscagli, Benvenuti, Rabuffetti and Fame (1999) noted that in the Agli
oti et al. (1995) and Haffenden and Goodale (1998) studies, there is a possible 
difference in attention between the perceptual and motor responses. The percep
tual condition involved a comparison between the two arrays of circles in order to 
decide whether they were the same or different. In the visuomotor condition, once 
the choice of disk was made, subjects could focus their attention on the array of 
circles containing the target disk, and ignore the other array. This difference in 
attentional focus may have masked an effect of the illusion on action. Pavani et al.
(1999) therefore repeated the Titchener Circles experiment using only one array 
of circles at a time. They found the perceptual illusion effect was much smaller, 
and was of similar magnitude to the effect on action. The experiment using the 
Miiller-Lyer illusion described previously (Daprati and Gentilucci, 1997) also pre
sented only one version, either the open or closed configuration, of the illusion 
on each trial. Subjects were required either to draw a line of the same length 
as the figure shaft, to estimate the size of the bar by opening finger and thumb 
to match, or to grasp the bar. The effect of the illusion was clearly smaller for 
grasping than matching. This was not so clear when grasping was compared with 
drawing, possibly due to the more complex motor responses required by drawing 
making use of the egocentric frame of reference. The data from this experiment 
would seem to cast doubt on the strength of the results of Pavani et al. (1999), 
but it is certainly true that attentional load differences should be an important 
consideration in further studies of this kind.

Franz, Gegenfurtner, Biilthoff and Fahle (2000) also considered separate versions 
of the Titchener Circles illusion and found that when only one set of circles was 
presented at a time, the illusion effect in grasping and in a perceptual matching 
task was equivalent. They also showed that when both arrays of circles are 
present, there is a much larger perceptual effect of the illusion when measured
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by direct comparison between the two centre circles than when measured by 
assessment of the individual target circles. Subjects either adjusted the two 
centre circles simultaneously so that they appeared the same size, or adjusted an 
isolated circle to match the size of one of the targets. Franz et al. (2000) did not 
report a direct comparison between their suggested matching task, which does 
not require direct comparison of the two stimulus arrays, and grasping towards 
the same stimulus. However, they concluded that removing the direct comparison 
element of the perceptual measure also removed the difference between perception 
and action. A major criticism of these data is described in the following section.

2.2.2.2 Methodology: Effect of obstacles

Several studies have found significant, although usually smaller, motor effects (e.g. 
Aglioti et ai, 1995; Daprati and Gentilucci, 1997; Franz et a/., 2000; Pavani et al, 
1999) and others have found a differential effect on grasp which was of similar 
magnitude and direction but did not reach significance (Brenner and Smeets, 
1996; Haffenden and Goodale, 1998; Jackson and Shaw, 2000). Haffenden and 
Goodale (2000b) argued that in many cases these effects are in fact due to a 
narrowing of grip to avoid flankers adjacent to contact points. The gap between 
flankers and target in Titchener Circles displays tends to be smaller for smaller 
flankers. In Aglioti et al. (1995) and Haffenden and Goodale (1998) the edges of 
the small surrounding circles were 3mm away from the edge of the target circle, 
while large surrounding circles were 11mm away.

Haffenden and Goodale (2000b) used two rectangular flankers around a circular 
target. These were either placed horizontally above and below the target, next to 
the likely contact positions where they could potentially interfere with a grasping 
movement, or vertically on the left and right of the target. The flankers were 
positioned at distances of 3, 11, 21 or 31mm from the target. In estimation of 
target size, flankers had a simple effect; the nearer the flankers, the larger the 
target appeared to be (the attraction effect). This was true for both horizontal 
and vertically oriented flankers. This attraction effect was not seen for grip 
scaling, with maximum aperture decreasing by less than 1mm across the four 
flanker distances. Closer examination showed that when the distance between
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target and flanker was a flngertip-width gap (11mm), subjects narrowed their 
grip. This only occurred when flankers were oriented horizontally, at positions 
adjacent to contact points. At small gaps of less than a fingertip-width, subjects 
may open their grip wider as if to encompass the whole array. These effects 
coincide with the illusion effect of the traditionally presented Titchener Circles, 
and would predict that for small surrounding circles, where the gap between the 
edges of the surrounding and target circles is approximately 3mm, subjects would 
open their grip wider (than for a circle with no flankers). For large surrounding 
circles, where the gap is approximately 11mm, subjects would narrow their grip, 
resulting in the apparent illusion effect. If the wings of the Miiller-Lyer illusion are 
considered as obstacles, the results of Haffenden and Goodale (2000b) would also 
predict an apparent illusion effect on grasping. This could account for findings of 
small illusion effects on action with this illusion (Daprati and Gentilucci, 1997). 
Thus Haffenden and Goodale (2000b) argued that most studies tha t have found 
illusion effects for action have not taken into account the effect of flankers, which 
may be an alternative, non-perceptual explanation.

Franz (2001), in reviewing recent evidence on the proposed dissociation between 
perception and action, concluded that action does not resist visual illusions. Evi
dence from Franz et al. (2000) was cited in support, showing that when attentional 
differences between the two tasks were equated by presenting the two arrays of 
circles separately, an equivalent illusion effect was found in both tasks. However, 
the studies reported in Franz et al. (2000), like several others using the Titchener 
Circles illusion, did not take into account the potential effects of the distance 
between the target object and the flanking inducing elements. Haffenden, Schiff 
and Goodale (2001) directly tested whether the similar illusory effects on per
ception and grasping seen in displays such as those used by Pavani et al. (1999) 
and Franz et al. (2000) were due to the distance between targets and flankers, 
or to the fact that only one annulus display was used. They compared manual 
estimation and grasping to three single annulus displays; the traditional small 
and traditional large annulus displays, where the small circles are closer to the 
target than the large circles, and an adjusted small annulus display, in which the 
small circles are moved outward to a distance from the target which is equivalent 
to tha t in the large annulus display (figure 2.4).
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CcO

Figure 2.4' Stimuli used by Haffenden et al. (2001). (a) Traditional small and 
(b) traditional large displays, similar to those used by Pavani et al. (1999) and 
Franz (2001). (c) Adjusted small display.

Haffenden et al. (2001) found an apparent illusion effect on grasping when the 
two traditional displays were compared. However, when the traditional large 
display was compared with the adjusted small display, maximum aperture during 
reach-to-grasp movements did not differ, i.e. the illusion effect disappeared. The 
illusion exerted a large effect on manual estimation in both types of comparison. 
These results suggest that previously seen effects of the Titchener Circles illusion 
on grasping are likely to be due to non-illusory visuomotor mechanisms, where 
the inducing elements are treated as obstacles to be avoided.

2.2.2.3 Type of visuomotor response

It is possible that certain types of visuomotor response rely more heavily on the 
egocentric coding of the dorsal stream than others, which might account for some 
of the inconsistencies seen in the illusion data. Various visuomotor responses have 
been studied in addition to grasp, including pointing, eye movements and lifting 
force.

P o in ting : Experiments using pointing as the visuomotor response have come to 
mixed conclusions about whether it is susceptible to illusions or not. Gentilucci 
et al. (1996) found small illusion effects on pointing to the Miiller-Lyer illusion 
even when subjects had full vision of their hand and the stimulus. Mack et al. 
(1985) found no effect on pointing, also to the Miiller-Lyer illusion, in a full vision
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condition and only small distortions when pointing after the stimulus had been 
removed. Van Donkelaar (1999) studied pointing towards the Titchener Circles 
illusion, working on F itts’ Law which states that pointing movement times vary 
with object size, being greater for smaller objects. Despite the fact that the 
target circles were the same size (30mm diameter), subjects moved more slowly 
to the target circles tha t perceptually appeared to be smaller. In other words, 
these pointing responses were affected by the illusion. When the target circles 
were changed so that they appeared to be the same size (physically 30 and 32mm 
diameter), subjects showed no difference in movement times. When target circles 
were physically different in size and surrounding circles were removed, subjects 
pointed more slowly to the smaller circle. The difference in movement time was 
similar to tha t observed when the difference was illusory. Van Donkelaar (1999) 
did not directly compare pointing with a perceptual estimate of illusion size, 
and it is therefore unclear how big this illusion effect is with respect to other 
visuomotor responses; it may represent a small effect of similar magnitude to that 
reported by others such as Gentilucci et al. (1996) which may be attributable to 
interactions between the visuomotor and perceptual systems. On the other hand, 
it could represent an alternative visuomotor response which is not immune to 
the illusion. For example, pointing could represent an action which does not 
necessarily need to be very finely tuned, and so is affected by illusions to some 
extent.

Saccadic eye m ovem ents: Binsted and Elliott (1999) reported that saccadic 
eye movements to the end points of the Miiller-Lyer illusion were biased in the 
direction predicted by the illusion. Again the size of the illusion effect was not 
directly compared with a purely perceptual measure, so it is unclear how com
paratively large the illusion effect is. An illusion effect on saccades could possibly 
be due to the fact that eye movements and not fine motor control are being mea
sured. It is possible tha t there is a wider margin of error in making saccadic eye 
movements to a desired fixation point than in executing movements that involve 
physical interaction with the object, and only in this latter case do metric values 
need to be computed so that interactions are accurate and successful.

G rip  force: Brenner and Smeets (1996) used a version of the Ponzo illusion 
and found tha t the illusion affected the force used to pick up a disk, but not the
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aperture between finger and thumb when reaching. They argued that grasping 
is guided by the positions at which one intends to place one’s fingers, whereas 
lifting requires anticipation of the object’s weight on the basis of its size. Brenner 
and Smeets (1996) concluded that their results contradict Goodale and Milner’s 
interpretation of the illusion studies and support the idea tha t different aspects 
of an action are controlled independently by different aspects of the visual infor
mation. This study measured force indirectly, as the speed at which the disc is 
lifted; if it is heavier than expected, it will be lifted more slowly. The force with 
which an object is grasped is related to the upward acceleration of the object 
when lifted, but this is not necessarily a one-to-one relationship. Jackson and 
Shaw (2000) replicated this experiment, measuring force directly using a com
pression load cell, and again found force, but not grip aperture, was affected by 
the illusion. They suggested that the primary task of visuomotor mechanisms is 
to determine where to place the fingers to achieve a stable grasp. This involves 
analysis of object shape and size, but not necessarily other visual properties of 
the object. However, to anticipate the force required to lift an object, object 
knowledge comes into play, both specific knowledge of that particular object, and 
general knowledge, for example, that metallic objects are usually heavy. This 
evidence does not necessarily contradict Milner and Goodale’s (1995) theory, but 
suggests that the two systems of visual analysis interact and inform each other.^

G ra sp  p o sition : It was argued previously that pointing to the unmarked bisec
tor of the Judd illusion (Post and Welch, 1996)^ may be affected by the illusion 
because the visuomotor system guides an accurate point to a position erroneously 
chosen by the perceptual system. Ellis et al. (1999) studied choice of grasp posi
tion for the Judd illusion, a response which requires deciding on the midpoint of 
the illusion. They found tha t although both perceptual and motor responses were 
affected by the illusion, the motor response was more veridical. Z-tests showed 
tha t the offset in both grasp position and visually judged centre were significantly 
different from zero, and from each other. However, Ellis et al. (1999) performed 
a total of 9 (-tests in this experiment, but did not report use of a Bonferroni 
correction for family-wise error or a new a level. I recalculated the corrected 
a  level of 0.006, which is lower than some of the probability levels reported by

^Discussed further in section 2.5. 
^See also section 2.2.1
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Ellis et al. (1999). As a result, the reported f-test comparing the offsets in grasp 
position and visually estimated centre fails to reach significance {t (15) =  2.775, 
p=0.014), although each measure remains significantly different from zero. This 
would then support the theory that when action is to an unmarked position the 
perceptual system may have a role in determining that position and therefore the 
action may be more susceptible to the illusion.

2.2.2.4 Relationship of maximum aperture to object size

Maximum grip aperture and manual estimation are now the favoured ways to 
compare perception and action on visual illusions. These methods ensure that 
both perception and action are measured on a similar continuous scale, with the 
same units, and both responses employ similar musculature. However, this does 
not mean that the two measurements are directly comparable in terms of measur
ing illusion effect size. Maximum grip aperture, while scaled to the physical size 
of objects, is known to be proportionally larger than the object to be grasped. 
This decreases as object size increases, with maximum apertures tending to be 
proportionally larger for smaller objects and proportionally smaller for larger ob
jects. Matching does not show this pattern, and manual estimates tend to closely 
match target size (see Jeannerod, 1997).

The pattern of proportional overshooting of target size in maximum aperture may 
represent a ceiling effect for larger targets. If a subject’s maximum grip aperture 
is, say, 140mm, then for very large objects he/she may open his/her grip to a 
fixed maximum that differs little with small changes in target size. However, for 
small objects subjects have a wider range over which it is possible to open their 
grip wider than the target. It is possible that this would suppress illusion effects 
when the stimuli are too large. Subjects also vary in the maximum separation 
they can make between finger and thumb which will affect the target size at which 
ceiling effects are seen. The issue of the relationship of object size to grip size in 
manual estimation and grasping is explored in Chapter 5.
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2.2.2.5 Effects of memory

Open-loop conditions may involve reliance on memory to some extent. This may 
explain why illusions sometimes exert some effect on action, albeit smaller than 
the effect on perception. An interesting finding in some studies is the effect of 
introducing a delay between viewing the stimulus and responding. Gentilucci 
et al. (1996) asked subjects to point to the vertices of the open (outgoing) and 
closed (ingoing) configurations of the Miiller-Lyer illusion. These responses were 
carried out either with full visual feedback of the hand and stimulus, with no 
visual feedback (stimulus but not hand visible), or with no vision, pointing being 
executed either 0 seconds or 5 seconds after the light was switched off. The two 
no-vision conditions were assumed to each involve visual memory; memory for 
execution only in the 0 second delay, and for planning and execution in the 5 sec
ond delay. This is also interesting, as Haffenden and Goodale’s (1998) open-loop 
procedure required subjects to respond in darkness, and therefore was identical 
to the 0 second delay condition in this study. Gentilucci et al. (1996) found that 
there was an effect of the illusion on pointing in all conditions. However, it was 
very small in the full vision condition, and gradually increased as pointing relied 
more on memory. This may be due to the nature of the representations held in 
the perception and action systems. As previously described,'* representations in 
the perception system, which subserves visual memory and recognition, are likely 
to be long lasting. However in the action system, in which visual information is 
coded in egocentric coordinates, the representation needs to be continually up
dated and is therefore likely to be short-lived. When action is required to a target 
seen 5 seconds earlier, the representation in the action system is likely to have 
decayed, and so the representation coded in an allocentric frame of reference in 
the ventral stream is used instead to guide action, and therefore the illusion has 
a stronger influence.

Acting from memory affects the kinematics of grasping, which, combined with 
the evidence tha t memory requirements also affect illusion susceptibility, suggests 
tha t grasping from memory and natural grasping depend on different underlying 
neurological systems. Goodale et al. (1994a) found that when subjects acted from 
memory or pantomimed actions they continued to scale their hand opening for

'^See section 1.4
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object size, but kinematic variables related to the course of the action differed 
significantly from normal target-directed action. This was true when subjects 
pantomimed a movement towards a target seen 2 seconds earlier, and when they 
pantomimed the movement beside the object which was still present. Movements 
were significantly longer in overall duration, peak velocity was lower and maxi
mum grip aperture was significantly smaller (although still scaled to object size). 
In reaches to remembered targets there was also a flattening of the time profile 
of grip aperture, suggesting tha t subjects opened their hand to a preset amount 
and then held this grip for the remainder of the reach. Goodale et al. (1994a) 
found tha t D.F. had difficulty both when pantomiming reaches and when reach
ing after a delay. This, combined with the differences in reaching kinematics seen 
in normal subjects, suggests tha t natural target-directed reaching operates with 
little or no memory. Semantic knowledge, or long term memory of objects, can 
help drive action, for example, subjects (including D.F.) are able to pantomime 
reaching towards familiar objects of known size. However, D.F. cannot accurately 
reach towards a basic object such as a cuboid block that she saw only a second or 
two earlier, so it seems unlikely tha t action from memory is driven by the dorsal 
stream.

Hu, Eagleson and Goodale (1999) investigated the effect of introducing a 5 second 
delay between viewing a target and grasping it, compared to open-loop grasping 
without vision of the target or the reaching hand, and to closed-loop grasping. 
They found no differences between open-loop grasping and closed loop-grasping. 
However when grasping after a 5 second delay, subjects’ reaches were significantly 
longer in duration and peak velocity was achieved proportionally earlier. Maxi
mum grip apertures were also significantly larger. This was in contrast to Goodale 
et al (1994a) who found maximum aperture was smaller after a delay. However, 
in Hu et al.'s (1999) study the target object remained to be grasped, but subjects’ 
vision of it was prevented. In addition, an inspection of the kinematic profiles 
presented in this study does not show the flattening of aperture profiles seen in 
Goodale et al. (1994a). Rather, apertures reached a greater maximum in the 
delay condition and then tailed off to  the same value as the non-delay conditions 
as subjects reached the object. Peak velocity was also reached proportionally 
earlier, which suggests tha t subjects quickly opened their grip wide so that they 
had longer to close in on the object. In Goodale et al.'s (1994a) study, subjects
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knew that the object was no longer there, so they predetermined the size of the 
object and held tha t grasp. In Hu et a/.’s (1999) open-loop grasping, the stimulus 
was only visible for 300 ms, and subjects were instructed to initiate movement 
as soon as they saw the stimulus. On average it takes more that 450 ms to ini
tiate a reaching movement, so the experimenters were confident tha t reaching in 
this condition was performed without vision of the hand or the stimulus. This 
suggests that experiments using a method in which the lights are extinguished 
as movement is initiated (e. g. Haffenden and Goodale, 1998) are, as claimed, 
employing the dorsal stream.

However, in contrast to these findings, Westwood and colleagues (Westwood, 
Heath and Roy, 2000a; Westwood, McEachern and Roy, 2001) have reported 
that maximum aperture during open-loop and delayed grasping was affected by 
the Miiller-Lyer illusion to a similar degree, while the effect on closed-loop grasp
ing was either much smaller (Westwood et al, 2001) or negligible (Westwood 
et al, 2000a). Therefore, while Hu et ai (1999) reported no differences in grasp 
kinematics between closed- and open-loop conditions, it is as yet unclear whether 
this is also found when the effects of illusions are considered. Westwood et al 
(2001) offered two possible explanations for their findings. One is that the Miiller- 
Lyer illusion requires visual feedback to a greater extent than other illusions such 
as the Titchener Circles in order for grasp to be resistant to the illusory effect. 
In the Miiller-Lyer figure, the fins are directly connected to the target object to 
be grasped, and might therefore be misconstrued as obstacles. Westwood et al
(2001) suggested tha t the salience of potential obstacles may be increased when 
subjects cannot use on-line visual feedback during the movement, because obsta
cles become more difficult to avoid when on-line movement corrections are not 
possible. A second explanation is that the longer (2 second) duration of target 
viewing had an effect, either interfering with visuomotor preparation while the 
subject was forced to wait before initiating a response, or allowing time for ex
plicit perceptual analysis of the target object. In either case, an elongated viewing 
period may increase the reliance on perceptual analysis of the target object. The 
experiments described in this thesis all use a 2 second period of previewing. This 
will allow assessment of the possibility that short viewing duration accounts for 
the minimal effect of illusions on action, since both kinematic measures in closed- 
and open-loop grasping (Chapter 6) and peak grip aperture in delayed and imme-
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diate grasping to the Titchener Circles illusion (Chapter 7) will be investigated.

2.2.2.6 Can ventral information supersede dorsal?

There is some suggestion that in certain circumstances ventral information may 
supersede veridical information specified by the dorsal stream, resulting in an 
illusion effect on action.

Burr, Morrone and Ross (2001) studied the compression effect of targets pre
sented around the time of saccadic eye movements. This is the tendency for 
the perceived position of a target presented around a saccadic eye movement 
to be compressed towards the saccadic target. They presented a fixation dot, 
and required subjects to make a saccadic eye movement to a target dot after an 
auditory warning signal. Just before saccadic onset, a very brief stimulus was 
flashed on the screen and subjects reported the position of the flashed stimulus 
either verbally, or by reaching and touching the screen. When the screen was 
obscured from view during responses (either by closing the liquid crystal shut
ter and darkening the screen, or by asking subjects to shut their eyes soon after 
the saccade), subjects showed the standard compression effect on verbal report, 
but they reached to near veridical positions. However, when visual feedback was 
allowed during responses, the compression effect was seen in both verbal report 
and pointing responses. Burr et al (2001) concluded tha t at the time at which 
the perceptual representation of space is compressed by saccades, there is no 
distortion of the spatial representation used to guide reaching. They suggested 
that there are separate representations of visual space, one plastic and subject to 
illusions, and the other veridical, and that the plastic system which is used for 
conscious visual perception seems to dominate when both systems are available.

As reviewed in section 2.2.2.3, Van Donkelaar (1999) found that pointing was 
affected by the Titchener Circles illusion; subjects pointed faster when the tar
get circle was perceptually larger (surrounded by small flankers) than when it 
was perceptually smaller (surrounded by large flankers). Lee and Van Donkelaar
(2002) argued that the illusion effect on pointing is real, and that pointing move
ments have more direct access to perceptual attributes of a target than grasping

66



2. Two Visual Systems: Behavioural Evidence, Origins and Alternatives

movements. In a study using transcranial magnetic stimulation (TMS), Lee and 
Van Donkelaar (2002) attem pted to investigate how this effect of the relative size 
of items in the display on pointing is mediated. Three possible explanations were 
tested. First, the effect could be due to some interaction between the ventral and 
dorsal streams (i.e. ventral processing associated with determining relative size 
and the dorsal stream with sensorimotor output). Secondly, the dorsal stream 
could mediate the effect alone via the transformation of object shape representa
tions into motor output within the parietal lobe. Finally, the ventral stream could 
be the sole mediator of the effect, via projections to the prefrontal cortex and 
subsequently to motor cortex, bypassing the dorsal stream altogether. TMS was 
applied over either the temporal or parietal lobe, or over a control area (the sup
plementary motor area), during pointing to the Titchener Circles illusion. TMS 
reduced the illusion effect on pointing speed when it was applied either over the 
dorsal or ventral stream, but not when applied over the supplementary motor 
area. This supported the idea tha t the illusion effect is mediated by inputs from 
both streams. However, it was suggested that TMS could be affecting basic per
ceptual and sensorimotor processes within both the ventral and dorsal streams. If 
this is the case, then it should still affect pointing during responses to target dis
plays without inducing elements. When TMS was applied during pointing to two 
circles of unequal size (without annuli), only dorsal stream stimulation resulted in 
slowed pointing movements. Thus Lee and Van Donkelaar (2002) suggested that 
relative size information affects pointing movements mainly by ventral stream 
processing which bypasses the dorsal stream. The dorsal stream contributes to 
pointing movements in general (and may use veridical size information), but its 
influence on processing of targets in the Titchener Circles illusion does not appear 
to be related to the relative size information.

2.3 Interactions between the two visual systems

2.3.1 Anatomical evidence

As was seen in section 1.5, the magnocellular and parvocellular pathways continue 
from the LGN, remaining largely separated through VI, V2 and on into the dorsal
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and ventral streams. However, while the major inputs to the higher cortical 
areas may be separated into magnocellular and parvocellular, this separation is 
not complete. The blobs and inter blobs of VI also receive magnocellular input 
from layer 4B. There is evidence from monkeys for a parvocellular input to MT 
(analagous to area V5 in human neuroanatomy), as well as for a magnocellular 
input to V4 neurones (see Goodale and Milner, 1992).

Dorsal stream

VI

V3

V2

V5 PPG

V3A

V4

STS

IT

Ventral stream

Figure 2.5: Schematic diagram of major inputs and connections to ventral and 
dorsal streams. Recall from section 1.3.4 and figure 1.1 that there is also an 
input that bypasses VI from the SC via the pulvinar pathway to PPG.

There are also connections among areas of the ventral and dorsal streams them
selves, some of which are shown in figure 2.5. Both IT and PPG project to areas 
in the STS. In the STS form selective cells are located close to motion sensitive 
cells, providing a possible site for cooperation between the dorsal and ventral 
streams (see Goodale and Milner 1992).

There appear to be circumstances under which the perceptual system can con
trol motor actions, for example, when actions are pantomimed^, performed after 
a delay® or performed under monocular viewing conditions^. Hu and Goodale
(2000) speculated about the possible neural underpinnings of these ‘perceptually’ 
guided actions. They suggested that prefront al cortex may be instrumental in

^See section 2.3.3 
®See section 2.3.2 
^See section 2.4.1.2
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the integration and transformation of perception and motor actions. Some stud
ies have suggested that the ventrolateral and dorsolateral prefront al cortex have 
connections with the ventral and dorsal pathways respectively (Baizer, Ungerlei- 
der and Desimone, 1991; Cavada and Goldman-Rakic, 1989), and are also inter
connected with each other. Lateral prefrontal neurons are active during delay 
periods; Goldman-Rakic (1996) reported that when monkeys have to make a de
layed saccade to the location of a target which has disappeared, nearly half of 
all task-related neurons in area 46 of the prefrontal cortex in monkeys increased 
their activity during the delay period. Areas of the prefrontal cortex may form 
a site where stored perceptual information can be transformed into information 
which can be used to inform motor neurons of the required parameters for an 
action.

2.3.2 Effects of delay

The finding of a delay effect on the differential influence of pictorial illusions 
indicates that the perception and action systems, while separate, do not function 
in isolation, but can and do interact with each other. When the information in the 
action system is no longer available, information from the perceptual system can 
be used to drive action. Lacquaniti, Perani, Guigon, Bettinardi, Carrozzo, Grassi, 
Rossetti and Fazio (1997) studied reaching to memorised targets using positron 
emission tomography (PET). Tasks involved either visual detection of a target 
without overt response, immediate pointing to the most recent target, or pointing 
to the previous target in the sequence. The intraparietal sulcus and prefrontal 
cortex were specifically activated in immediate pointing, but not in pointing to the 
previous. This indicated that the brain mechanisms involved in immediate action 
and action from memory are different. When action was to a remembered target 
a corticolimbic network was activated, which may indicate the dependence on 
retrieving and decoding spatial memories from stored representations to perform 
this task.

Hu and Goodale (2000) found that when subjects made manual estimations of 
an object, their grip size was influenced by an accompanying object. That is, if 
an object was presented for manual estimation with a smaller object, subjects 
opened their grip wider than if the same object was presented alongside a larger
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object. However, normal grasping was unaffected by the size of the accompanying 
object. When subjects picked up the object after a 5 second delay, their grip 
scaling was affected by the relative size of the two presented objects. Hu and 
Goodale (2000) argued that normal grasping relies on absolute metrics, whereas 
delayed grasping relies on the same relative metrics that are used for conscious 
perceptual processes. In other words, grasping after a delay is dependent on 
ventral rather than dorsal stream coding.

2.3.2.1 Improvement of misreaching after delay in optic ataxia

Results of previous studies have suggested tha t when acting towards a remem
bered target the perceptual system may drive at least some aspects of the action 
(Gentilucci et a i, 1996; Mack et a/., 1985). This was strengthened by the find
ing that patient D.F. was accurate when pointing immediately to a target, but 
when required to point after a delay of 10 seconds, she was extremely inaccurate 
and made errors twice as large as controls (Milner, Paulignan, Dijkerman, Michel 
and Jeannerod, 1999). Optic ataxic patients with essentially the opposite deficits 
and abilities to D.F. have been described. These patients are assumed to have 
damage limited mostly to the dorsal stream, and are impaired in their visually 
guided reaching towards objects. Such patients may only have the ventral stream 
to guide action, and would not be expected to show even more impaired perfor
mance after a delay. One such patient is A T., who suffered bilateral parietal 
damage and some occipital damage following an eclamptic attack. In fact, A .T.’s 
pointing accuracy actually improved when required to wait 5 seconds before re
sponding, suggesting tha t initially the action was attempted using the damaged 
dorsal system, but when forced to use the ventral stream to drive action, A .T.’s 
performance improved. Milner et al. (1999) interpreted this as further evidence 
for two separate neural systems for visual localisation. When acting towards re
membered stimuli, the representation held in A .T.’s damaged dorsal pathway had 
decayed, so her intact ventral visual system could be used to guide her action.

In addition, Milner, Dijkerman, Pisella, McIntosh, Tilikete, Vighetto and Ros
setti (2001) assessed another patient with optic ataxia, I.G., who was required to 
perform perceptual matching, real grasping, and delayed pantomimed grasping
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(in which the object was removed during a 5 second delay). LG. performed as 
expected, being unable to scale her grip to object size in the real grasping con
dition, but showing appropriate grip scaling in both the manual estimation and 
delayed pantomiming conditions. However, in a delayed real grasping condition 
in which the object was hidden for 5 seconds after which it became visible again, 
LG. showed weak grip scaling on initial testing, but after practice, became able 
to scale her grip appropriately. Therefore it seems that LG. could learn to use 
memorised information to guide her real grasping movements, ignoring the infor
mation actually present. When a wide object was unexpectedly replaced by a 
narrow one during the delay, LG. ignored the current object size, and continued 
to scale her grip to the remembered size. These data support the idea that under 
certain conditions, grasping can be guided by systems other than the standard, 
dedicated dorsal mechanisms, and provide further evidence that the two streams 
may interact in the neurologically intact system.

2.3.3 Pantomimed actions

Milner and Goodale (1995) proposed that pantomimed actions are guided by 
the ventral stream, while natural goal-directed actions are guided by the dorsal 
stream. ‘Pantomimed’ actions are actions that are not directed towards a target; 
in other words, pretend actions. Pantomimed actions have generally taken one of 
two forms in previous investigations. Some studies have used a delay period (e.g. 
by switching off the lights for a short time) in which the stimulus is removed, and 
then the subject pretends to grasp the object (e.g. Westwood et al.  ̂ 2000b). This 
type of task also involves memory; the subject pretends to grasp a remembered 
target. A more appropriate pantomimed task, which is used in Experiments 3, 
4 and 7 of this thesis, involves the subject reaching as if to grasp a target that 
is spatially displaced to one side. In this case, the target is still present, but the 
action is not directed towards it (e.g. Goodale et ai, 1994a).

Westwood et al. (2000b) used the the first type of pantomimed action, and studied 
the effect of the Miiller-Lyer illusion on an action and perceptual task in both 
natural and pantomimed conditions. Subjects viewed either the open or closed 
Miiller-Lyer configuration or a control figure (with a bar placed on the horizontal 
line) for 2 seconds. When a buzzer sounded they reached out and picked up

71



2. Two Visual Systems: Behavioural Evidence, Origins and Alternatives

the bar (action task) or manually estimated its length (perceptual task). Full 
vision was allowed throughout the response phase. In the pantomimed condition, 
a delay of 3 seconds was introduced after the 2 second viewing period, during 
which vision was occluded and the stimulus removed. The tasks were performed 
as before, with full vision, but to a remembered target. Westwood et al. (2000b) 
found that action and perception were differentially affected by the illusion in the 
natural condition but not the pantomime condition. They concluded that the 
susceptibility of pantomimed action to illusions suggests that the ventral visual 
stream mediates these actions as well as perceptual judgements.

However, as Westwood et al. (2000b) introduced a delay after viewing the target, 
before subjects performed the pantomimed action, it is unclear to what extent 
they have studied pantomimed action per se, rather than the effect of delay. 
As previously described in section 2.2.2.5, Goodale et al. (1994a) showed that 
the kinematic profiles of pantomimed reaches are different from those of natural 
actions, suggesting tha t different control mechanisms may mediate these two 
types of action. This suggestion was strengthened by the finding that D.F. was 
accurate when asked to reach out and grasp an object, yet impaired when she 
tries to pantomime the action just to one side of the object (Goodale et al., 
1994a). Gentilucci et al. (1996) showed that manual aiming was increasingly 
affected by the Miiller-Lyer illusion as the dependence on memory increased. 
Taken together, these data suggest that the ventral visual stream does not only 
control action when acting towards a remembered target, but also when the action 
is not directed at a specific target. One would predict that healthy subjects would 
still show an equivalent illusion effect on action and perception if required to 
pantomime reaching out and grasping the bar of the Miiller-Lyer figure without 
a delay. Until this is resolved, however, it is difficult to conclude from Westwood 
et al. (2000b) that pantomimed actions are controlled by the ventral visual stream, 
although it can be concluded that actions to remembered targets are likely to be 
controlled by the ventral stream.

Goodale and Humphrey (1998) considered the interaction of the two visual 
streams and concluded that visual targets are processed in parallel by both 
streams. The ventral stream works to identify the goal, and the visuomotor 
stream is activated to perform a motor action on the target object. Parallel
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activation of the two streams allows visual experience (mediated by the ventral 
stream) during performance of skilled action (mediated by the dorsal stream).

2.3.4 Learned perceptual relationships

Brenner and Smeets (1996) showed that a size-contrast illusion affected the force 
used to lift objects, although grip scaling was unaffected. It was argued that 
the expected weight of an object may depend on learned information about the 
visual properties of objects (see section 2.2.2.3. For example, shiny, metallic 
objects are usually heavy. Calculation of lifting force may therefore require input 
about learned information from the ventral stream.

Haffenden and Goodale (2000a) studied the influence of learned perceptual in
formation on grip aperture and manual estimation. Subjects learned to associate 
colour with the size of blocks. When presented with a block that was halfway in 
size between the large and small blocks, subjects showed an effect of the learned 
relationship. For example, if they had learned that red blocks were small and 
yellow blocks were large, they would perceive a mid-sized red block as larger than 
a mid-sized yellow block. This effect was found for both manual estimation and 
maximum aperture. Haffenden and Goodale (2000a) suggested that it makes 
computational sense for the visuomotor system to use learned ‘rules of thumb’ 
about the size of objects that are consistent in other ways such as orientation, 
shape and surface texture. When perceptual learning is based on non-geometrical 
object properties, a stored motor program could be developed that could be used 
based on learned information about an object. Using learned relationships in
volves a trade-off between efficiency of motor programming and accuracy. If the 
geometrical properties do not remain consistent, the development of a stored 
motor routine would be much more difficult. Consistent with this, a shape cue 
to size (e.g., hexagons are small, circles are large), resulted in size distortion of 
the mid-sized block on manual estimation only. Different grasp kinematics are 
required when grasping a circle and a hexagon, so variations in the shape of the 
objects from trial to trial may have resulted in greater dependence on the online 
computations of the dorsal stream.

Haffenden and Goodale (2000a) suggested tha t interactions between the dorsal
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and ventral streams allow certain learned information about familiar objects to 
be used in order to increase the efficiency of the visuomotor system. Stored motor 
routines are only efficient when similar grasp kinematics are required each time 
the objects are encountered, so it is not appropriate for the dorsal stream to 
utilise ventral information in all situations.

2.3.5 Affordances for action

Milner and Goodale’s interpretation of the two visual streams stated that there 
is a visual system involved in the perception of objects, and a visual system 
involved in guiding actions. However, Milner and Goodale (1995) also accepted 
that the two streams must interact at some point; one may need to know what it 
is that one is about to grasp. A visual recognition system is likely to be used in 
almost all cases in which an object is grasped, in the the decision process; that 
is, what is the object and do I want to grasp it? It may also be involved in the 
selection of the precise type of action. For example, one will grasp an upturned 
cup differently depending on whether one wants to move it out of the way or 
pour water into it. This involves recognition of the object and invokes knowledge 
about its normal function in order to decide what to do with it. An object such 
as a fork is likely to be grasped differently by a person who knows what it is used 
for than by a naïve person. This idea is reminiscent of the notion of affordance, 
introduced by Gibson (1979), who claimed that objects are perceived in terms of 
their affordances for action; in other words, the possibilities for action that the 
objects offer.

Gibson (1979), in his ecological theory of perception, like Milner and Goodale 
(1995), stressed the importance of action in visual perception. That is, vision 
did not just evolve in order to allow us to reconstruct the world into a conscious 
perception. Instead, it is more probable that vision evolved to allow animals to 
move around in their environment and interact successfully with objects. Milner 
and Goodale dealt with the way visual information is used to get the hand to 
an appropriate location and form the fingers into an appropriate configuration 
to grasp an object. Humphreys (2001) argued for a direct route from vision to 
action which determines how an object is used after it is grasped. Patients with 
visual apraxia have no recognition or motor disorder, yet fail to use objects cor
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rectly. They may be able to recognise an object, and grasp it efficiently, but not 
necessarily in an appropriate manner. This failure suggests that there is some im
pairment to either the links between the object knowledge base (ventral stream) 
and the visuomotor system (dorsal stream), or to a higher level ‘praxic’ system 
that receives input from the ventral stream and instructs relevant visuomotor 
mechanisms (Milner and Goodale, 1995). Further evidence comes from fast re
sponses in normal subjects. Rumiati and Humphreys (1998) had subjects make 
gestures to pictures of objects under very strict time constraints. Error rate was 
high, with a high proportion of visually related errors (e.g. a hammering gesture 
to a picture of a razor) and few semantic errors (such as a lathering gesture to 
a picture of a razor). When words were used instead of pictures, only semantic 
errors were found. Humphreys (2001) suggested that visually related gestural er
rors to pictures under deadlines reflect early activation of actions based on partial 
visual cues.

There is converging evidence from neuroimaging studies that even in tasks where 
no action is required, such as object naming, there can be activation of cortical 
areas associated with movement. Grezes and Decety (2002) studied possible 
motor representation during the perception of visually presented objects using 
PET. Subjects viewed photographs of manipulable objects and performed various 
tasks including upright/ inverted judgements, motor imagery, object naming and 
verb generation. Grezes and Decety (2002) found that, irrespective of whether 
the subject intended to perform an action on the object perceived, a common 
network of brain regions was activated. This network included regions of the 
inferior parietal lobule, the premotor cortex, the inferior frontal gyrus and the 
cerebellum. The authors argued that this supports the notion of affordance i.e. 
that possible motor behaviour is encoded during object perception, without a 
movement actually being executed.

2.4 Information used for perception and action

There is some evidence to suggest that the visuomotor system uses information 
such as stereopsis and motion parallax which are the cues giving most reliably 
veridical information as to object size and distance. Other depth and size cues

75



2. Two Visual Systems: Behavioural Evidence, Origins and Alternatives

such as texture and overlap may be used more within the domain of the perceptual 
system.

2.4.1 Dorsal Stream

2.4.1.1 Sensitivity to  disparity and motion

The most reliably veridical information available about object size and location 
is thought to be that which is derived from binocular disparity and motion cues. 
Neurones in visual areas attributed to the dorsal stream, particularly area MT 
(also known as V5), are sensitive to these features of the visual stimulus. DeAnge- 
lis and Newsome (1999) reported that disparity-selective neurones in monkey MT 
are arranged in columns of preferred disparity, and there is a gradual change in dis
parity preference across adjacent columns. Therefore disparity is systematically 
mapped in area MT, suggesting that it plays an important role in stereoscopic 
depth perception as well as motion perception.

Many neurones in area MT are sensitive to the velocity and direction of a visual 
stimulus (Maunsell and Van Essen, 1983). MT receives largely magnocellular 
input from layer 4B in VI and from the thick stripes of V2. However, there is 
also evidence that MT serves a more complex function than simply reporting 
direction of motion of a single stimulus. Receptive fields of cells in area MT 
are much larger than in areas VI or V2, and MT may play an integrative role. 
When two moving gratings of different orientations are superimposed, the plaid 
created by their intersection appears to move in a direction and at a velocity 
that is a combination of the two components. Single cell recordings in areas VI 
and MT in primates (Movshon, Adelson, Gizzi and Newsome, 1985) found that 
most VI cells and some MT cells responded to the movement of the component 
gratings. However, other cells in MT responded to the direction of the plaid 
movement. For example, a cell which responds optimally to vertical movement of 
a single stimulus may also respond to vertical plaid movement, despite the fact 
that neither of the two component gratings are moving vertically. This suggests 
that cells in MT may play a role in combining the outputs of cells that respond 
to the motion of individual aspects of a scene in order to construct our overall 
perception of motion.
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2.4.1.2 Binocular vision

Jackson and Husain (1997) reported neurophysiological evidence tha t binocular 
vision may be important for visuomotor transformations carried out in the PPC. 
Binocular vision allows accurate computation of depth and distance which are 
important in the precise control needed for prehension movements. Binocular 
depth cues used could include vergence and accommodative cues (proprioceptive 
cues about changes in convergence or divergence of the eyes, or about variations 
in shape of the lens of the eye) as well as stereopsis (depth perception based on 
retinal disparity). Binocular depth cues may also be important during movement 
execution, monitoring online changes, most likely in stereopsis, which specify 
changing three-dimensional orientations of surfaces to be grasped, and relation
ships of those surfaces to the hand.

Servos, Goodale and Jakobson (1992) asked subjects to reach out and grasp 
oblong blocks with either monocular or binocular vision. They found that the 
kinematics of grasps made under these two conditions differed. Grasps made with 
only monocular vision had longer movement times, lower peak velocities, longer 
deceleration phases and smaller grip apertures than those made with binocular 
vision. These differences are similar to those found between natural and pan
tomimed actions, both performed with binocular vision (see sections 2.2.2.5 and 
2.3.3). Servos et al. (1992) argued that the differences found were due to an 
underestimation of the distance of objects under monocular viewing conditions. 
Goodale at al. (1994a) argued that the differences in kinematics of reaching in nat
ural and pantomimed actions may reflect different underlying control mechanisms 
between these two types of action. Given that the differences between monocular 
and binocular reaching closely match the differences between pantomimed and 
natural reaching respectively, it is possible tha t the underlying control mecha
nisms are similar. Monocular reaching, like pantomimed reaching, may be more 
dependent on ventral stream input because of a lack of binocular information to 
drive the dorsal stream.

M arotta, Behrmann and Goodale (1997) asked whether a patient with visual 
form agnosia could use pictorial scene cues to calibrate manual prehension when 
binocular information was removed. Grasping an object requires that accurate
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information about the target is computed. The correct grip aperture during man
ual prehension can be reliably computed from the retinal image size of the target, 
as long as that image is properly calibrated with an accurate estimate of object 
distance. Binocular vision is a candidate for this accurate distance estimate. 
Servos et al. (1992) found that subjects were less accurate when grasping with 
monocular vision, but they were still able to pick up the objects, so they must 
have been using some other information to calibrate grasping.

Elevation in the visual scene is one potential learned pictorial cue. For a hori
zontal surface, further objects are typically higher in the visual scene than near 
objects, and therefore in a particular scene, objects situated higher in the visual 
array will tend to be perceived as further away. This does not only occur when 
several objects are viewed simultaneously; even when single objects are presented 
one at a time, their comparative elevation in the visual scene is a powerful cue to 
distance (Sedgwick, 1986). M arotta and Goodale (1996; 1997) found that normal 
subjects can use elevation in the visual scene to predict amplitude and aperture 
of required grasps, but only when binocular information is unavailable. M arotta 
et al. (1997) therefore suggested that pictorial cues are not integral to computa
tions underlying normal prehension, and that the dorsal stream only gains access 
to these cues via links with ventral stream mechanisms. They looked at grasping 
to Efron blocks positioned at different distances, under monocular and binocular 
viewing conditions. Visual agnosic patients D.F. and J.W. plus neurologically 
intact controls were studied. Under binocular conditions, both patients and con
trols showed good scaling to object size. Under monocular conditions, control 
performance remained unchanged. D.F. continued to show scaling to object size, 
but variability increased. J.W. no longer showed evidence of scaling to object size. 
Patients with visual form agnosia seem to be sensitive to the removal of binocular 
vision, but controls are not. When object distance is considered, controls showed 
size constancy; they opened their hand the same amount for a particular object 
independent of its distance. D.F. and J.W. showed this size constancy under 
binocular vision, but under monocular vision both opened their hand wider for 
closer objects (i.e. when retinal size was larger). This suggests tha t binocular 
cues are of primary importance in the visual agnosic patients in calibrating grasp 
to the true size of a goal object at different viewing distances.
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However, later studies suggested that D.F. and J.W. can use elevation in the vi
sual scene to guide some aspects of their movements under monocular conditions, 
showing normal effects of distance on movement duration and maximum velocity 
(Mon-Williams, Tresilian, McIntosh and Milner, 2001b). It has been suggested 
that binocular vision is important for grasping but not for reaching (Watt and 
Bradshaw, 2000). Therefore elevation, or vertical gaze angle, may represent a 
monocular cue which is used, for some aspects of the movement at least, by the 
dorsal stream. This will be discussed in detail in the section on vertical gaze 
angle as a dorsal stream cue (see section 2.4.1.5).

D .F.’s ability to orient her grip is severely impaired relative to normal controls 
under monocular viewing conditions (Dijkerman, Milner and Carey, 1996; Carey, 
Dijkerman and Milner, 1998), and Marotta, DeSouza, Haffenden and Goodale 
(1998) found tha t normal subjects were more susceptible to illusions when grasp
ing under monocular than under binocular conditions. However, Otto-de Haart 
et al. (1999) found that manual estimation was strongly affected by the Miiller- 
Lyer illusion but maximum grip aperture was unaffected under both monocular 
and binocular conditions.

2.4.1.3 Motion parallax

Accurate grasping can be performed on the basis of retinal image size, if that 
image is properly calibrated with an accurate estimate of object distance. One 
possible reliable cue for distance is retinal motion; the motion of objects and 
scenes on the retina, particularly the motion generated by head movements.

Visual agnosic patient D.F. is able to accurately guide her hand movements under 
normal viewing conditions. However, her performance declines severely when 
binocular vision is prevented. This again suggests tha t binocular vision is an 
important source of information for D.F.’s intact dorsal stream and when this 
is not available she cannot use pictorial cues, which are thus assumed to be 
processed by the ventral stream. Dijkerman, Milner and Carey (1999) presented 
D.F. with a square plaque for grasping, slanted at different orientations in depth. 
As expected, D.F. was impaired at grasping the plaque relative to neurologically
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intact controls when binocular vision was prevented and her head remained still. 
However, when she made two large lateral head movements just prior to her 
movement, her performance improved to near normal. Thus D.F.’s visuomotor 
system seems to be able to control hand orientation when grasping with the use 
of motion parallax when binocular vision is unavailable.

Marotta, Perrot, Nicolle, Servos and Goodale (1995) reported that normal sub
jects do not take advantage of potentially available retinal motion information 
by making larger head movements when wearing an eye patch than when view
ing under normal binocular conditions. However, subjects who had had an eye 
surgically removed at least a year prior to testing did use this strategy when per
forming grasping actions. M arotta et al. (1995) suggested that the use of motion 
parallax for the control of prehension is a learned strategy, and not one used spon
taneously by subjects with normal vision. While Dijkerman et al. (1999) showed 
that D.F. can improve her grasping performance under monocular vision to near 
normal when instructed to make large head movements, there is no evidence that 
she uses this strategy spontaneously. As D.F. has intact binocular vision, she is 
unlikely to have needed to learn to use motion parallax as a distance cue, unlike 
enucleated patients.

2.4.1.4 Vergence information

Studies in which one eye is covered during prehension have tended to indicate 
tha t binocular vision is used in the control of prehension movements. However 
Mon-Williams and Dijkerman (1999) pointed out that these experiments cannot 
pinpoint which aspect of binocular vision provides the useful information. The 
widely held view is that vergence is unlikely to provide useful information in full 
cue environments (Brenner and Van Damme, 1998). This is based on findings 
of a “specific distance tendency” in distance judgements when vergence is the 
only cue. Near objects appear further than their physical location and distant 
objects appear closer. However, it has been argued that this is due to a general 
contraction bias occurring when subjects are asked to make a range of judgements 
in conditions of uncertainty (Mon-Williams and Tresilian, 1999; Tresilian, Mon- 
Williams and Kelly, 1999). Tresilian et al. (1999) argued that vergence provides
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a veridical distance cue which is combined with other available cues according to 
a weighted averaging scheme.

Mon-Williams and Dijkerman (1999) used a perturbation technique to selectively 
perturb vergence information while leaving other sources of binocular information 
such as vertical retinal image disparities unaffected. Subjects performed reaching 
and grasping movements to objects with either normal binocular vision, with 
one eye covered, or with a base-in or base-out prism over one eye. The effect 
of the base-in and base-out prisms was to increase or decrease respectively the 
distance signalled by vergence. Mon-Williams and Dijkerman (1999) reasoned 
that if subjects use vergence in prehension, then base-in prisms should result 
in movement kinematics consistent with an object more distant than the actual 
target; likewise, base-out prisms should result in movements consistent with a 
nearer object. As peak velocity is scaled to movement amplitude, reaches made 
with the base-out prisms were predicted to reach lower peak velocities, with 
proportionally longer deceleration phases when compared to reaches made with 
the base-in prisms. This is precisely what was found, leading the authors to 
conclude that vergence is used in programming prehension movements. It was 
not the case that peak velocity simply decreased overall due to cue uncertainty. If 
this was happening, the prisms, whether base-in or base-out, should have induced 
similar amounts of uncertainty. Although statistical comparisons with reaches 
under normal binocular conditions were not reported, the reported mean peak 
velocity for base-in reaches was much higher than that for reaches with binocular 
vision, while the mean for base-out reaches was lower. The fact that vergence is 
used in programming prehension movements does not exclude the possibility that 
other sources of information and indeed other sources of binocular information 
are used in prehension. Indeed, since no effect was found on maximum grip 
aperture, it appears th a t vergence information is most important in providing 
initial information about distance, rather than online control of grasping.

M arotta et ai (1997) suggested that patients with visual agnosia are unable to 
compute the distance of a target object under monocular viewing conditions. 
However, paradoxically, both patients studied showed normal effects of distance 
on movement duration and maximum velocity, which suggests that they could 
compute distance to some extent. Mon-Williams et al. (2001b) suggested that
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this paradox may be resolved if one considers depth and distance separately, 
distance referring to egocentric judgements and depth referring to an object’s 
dimension along the line of sight. M arotta et al.'s (1997) subjects were required 
to grasp objects in the sagittal plane (i.e. in depth). Their data therefore suggest 
tha t patients with visual agnosia had good distance but poor depth processing 
under monocular conditions. Mon-Williams et al. (2001b) therefore set out to 
investigate what weight is attached to vergence as a distance cue in patient D.F. 
Additionally they looked at whether D.F. can use an object’s angular size cues 
as a guide to distance (i.e. a target which stays the same physical size across 
all distances, and therefore projects a different sized retinal image depending on 
distance).

D.F. performed open-loop points to target locations within a box containing a 
rich visual environment, with several possible cues to distance, including texture 
gradient from the patterned surfaces, relative size and ordinal cues from familiar 
objects. Reaches were made either binocularly, monocularly, with base-in or base- 
out prisms. Targets were either the same physical size across all distances, or the 
same retinal size (i.e. physical size was changed with distance so that the object 
always subtended approximately 1.9° of visual angle). Normal observers in a rich 
cue environment only show a small influence of the prisms, and addition of a size 
cue makes it easier for them to judge true distance (Tresilian et 1999). How
ever, addition of a size cue did not influence D .F.’s pointing responses, and she 
was found to be influenced by the prisms to a much larger degree. Mon-Williams 
et al. (2001b) concluded that D.F. relies almost completely on vergence informa
tion to gauge target distance. 98% of the variance of D .F.’s responses could be 
predicted from vergence specified distance even though many other (conflicting) 
cues were available.

2.4.1.5 Vertical gaze angle

Mon-Williams et aVs (2001b) data suggested that D.F. relies very heavily on 
vergence signals to gauge distances of targets, and attaches little weight to other 
non-binocular cues. Therefore, one would predict that preventing D.F. from 
using vergence cues by requiring her to close one eye would reduce the accuracy
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of her reaching. However previous studies (M arotta et al, 1997; Carey et al, 
1998) have shown that D.F. can reach accurately (in terms of distance) under 
monocular viewing conditions. All targets in Mon-Williams et a/.’s (2001b) study 
were presented at eye height. In normal conditions there is a fixed relationship 
between the angle subtended between the eye and the ground plane. In both 
M arotta et al (1997) and Carey et ai (1998) vertical gaze angle would have 
been available, and Mon-Williams, McIntosh and Milner (2001a) suggested that 
this may be a monocular distance cue which D.F. is able to use. Although 
M arotta et al (1997) concluded that visual agnosic patients did not use elevation 
in grasping (see section 2.4.1.2), Mon-Williams et a l (2001b) argued that in fact 
elevation, or vertical gaze angle, can be used by these patients as a distance cue 
(see section 2.4.1.4), although not as a depth cue. Vertical gaze angle has been 
shown to be used in the intact nervous system (Gardener and Mon-Williams, 
2001).

Mon-Williams et a l (2001a) compared D.F.’s reaching and grasping responses 
to objects located on a table at different viewing distances, or presented at eye 
height, again using base-in and base-out prisms. For objects presented on the 
table, D.F. showed the same pattern as controls. She was able to carry out 
the prehension task despite the large disruption to vergence angle caused by 
the prisms. When vertical gaze angle was removed by presenting the target 
at eye level, controls’ performance was unchanged, but D.F.’s performance was 
severely impaired. She showed a large overshooting with base-in prisms and a 
large undershooting with base-out prisms. Her hand initially fell some distance 
from the target and she had to make corrective movements. On a number of 
trials D.F. failed to get her hand to the target at all.

These data suggest tha t D.F. is able to use vertical gaze angle to judge distance 
in the absence of binocular vision, or with perturbed information about vergence 
angle. The implication of this is that vertical gaze angle is a cue which is used by 
the dorsal stream, as D.F. has suffered damage to the ventral stream. However, 
vertical gaze angle can only give accurate information about distance. In order 
for D.F. to calibrate her grip to grasp in depth, some other (binocular) informa
tion, such as disparity is required (Marotta et a l, 1997). Normal subjects can 
continue to scale their grip to object size and distance when cues from binocular
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vision and/or vertical gaze angle are removed, indicating that they are able to 
use other ‘pictorial’ cues which are processed by the ventral stream. W att and 
Bradshaw (2000) have shown that in normal subjects the removal of binocular 
vision has an impact on the grasp component of prehension (maximum grip aper
ture is larger in monocular than in binocular conditions) but does not affect the 
reach component. This is consistent with the idea tha t grasping may be heavily 
dependent on binocular vision, whereas reaching may be guided by other sources 
of information such as vertical gaze angle.

2.4.2 Ventral Stream

There has been extensive research on the information that might be used by 
the dorsal stream. In contrast, suggestions regarding information that could be 
utilised by the ventral stream have been largely derived from inferences about 
information which is not used by the dorsal stream. For example, as described 
in section 2.4.1.4, Mon-Williams et al. (2001b) showed that patient D.F. cannot 
use the angular size of an object to determine target distance. When making 
pointing movements wearing vergence distorting prisms, D.F.’s reaching was al
most entirely predicted by vergence, and the addition of a size cue had no effect. 
In contrast, the prismatic influence on perceived distance was diminished with 
addition of a size cue in normal subjects. It was therefore suggested that retinal 
object size is a cue used by the ventral stream. This experiment was carried 
out in a rich cue environment; other possible cues to distance included texture 
gradient, familiar size and occlusion from familiar objects placed in the reaching 
space. Despite this, 98% of the variance of D.F.’s responses could be accounted 
for by vergence. Control subjects were affected only slightly by the prisms, indi
cating that controls were able to use the other available cues to distance (which 
conflicted with prism-distorted vergence). Mon-Williams et al. (2001b) proposed 
that in the absence of binocular vision it is necessary to recover depth from 
“monocular” retinal information (e.g. colour, texture, shading). Normal subjects 
can do this, but a patient with visual form agnosia cannot. By inference, this 
suggests that an intact occipito-temporal processing pathway is required in order 
to extract depth from cues such as shading and texture.

Studies showing tha t perceptual judgement but not action is affected by visual
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illusions^ also suggest tha t the ventral perceptual system relies heavily on pic
torial cues^ such as linear perspective, texture gradient, occlusion, familiar size, 
relative size, shape and shading. For many of these, learning may play a large 
role. For example, M arotta and Goodale (1998) found that subjects could use a 
learned relationship between the elevation of an object in the visual scene and 
its distance to help program and control grasping movements. Under monocular 
viewing conditions, subjects showed fewer on-line adjustments in limb trajectory 
and grip aperture when the elevation of the target object in the visual scene 
could be used to help program the required movements. M arotta et al. (1997) 
suggested that, while pictorial cues can be used by the dorsal stream, they are a 
supplemental rather than an integral part of the computations underlying man
ual prehension, and are only accessible to the dorsal stream via links with the 
ventral stream. However, this latter suggestion is weakened by the finding that 
visual agnosic patients D.F. and J.W. are able to use elevation under monocular 
viewing conditions to judge distance, although their grasp formation is impaired. 
This suggests that certain elements of this particular monocular cue are processed 
directly by the dorsal stream. Those aspects of the information that guide grip 
formation may only be accessible by the dorsal stream via links with ventral 
stream mechanisms.

Area V4 is thought to be involved in colour vision, and is located in the ventral 
stream, while neurones in area MT (in the dorsal stream) do not usually show 
wavelength-selective responses. It is therefore reasonable to assume that colour 
might be a cue processed predominantly by the ventral stream and not by the 
dorsal stream (which again could use this information, but only by virtue of links 
with the ventral stream). Consistent with this, a previously described study by 
Pisella et al (2000) in section 1.3.2 found tha t subjects made fast corrective re
sponses to a jump in target location and could not suppress automatic corrective 
responses when instructed to stop when the target jumped. They did not, how
ever, show such ‘autom atic’ hand responses when the change in target location 
was signalled by a colour change. This suggests that colour is a cue processed by 
the ventral stream.

®See section 2.2
^'Pictorial' cues are so called because they are exploited by artists to depict a three- 

dimensional world on a two-dimensional canvas
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2.5 Perception versus action or relative versus 

absolute?

In this thesis, ‘relative’ is used to refer to coding visual and spatial information 
relative to other objects within the visual array. ‘Absolute’ coding refers to coding 
veridical information about the size and shape of an object, but also encompasses 
‘egocentric’ coding, the idea that objects are coded relative to the observer so that 
the hand can be accurately guided to the object.

Although the two visual streams hypothesis has been formulated in terms of a 
perceptual stream and a visuomotor stream, several lines of evidence point to the 
more accurate distinction being the type of coding used rather than the function 
that each system underlies. Action may usually require absolute information, but 
can also require relative information or object knowledge which must be provided 
by the ventral stream. This was demonstrated by experiments already described 
on D.F. (Dijkerman et ai, 1998)^®. When D.F. was required to pick up a disc by 
placing three fingers into the appropriate holes, a task which requires coding the 
holes relative to each other, she failed, despite showing normal performance at 
grasping objects when only egocentric coding was required. Also, as Carey, Har
vey and Milner (1996) showed, D.F. can reach out and grasp everyday objects 
proficiently, but often fails to grasp them appropriately for use. Choosing the 
appropriate grasp requires knowledge of the object and what it is used for, and 
D.F.’s damaged ventral stream is unable to provide this information from visual 
input alone. D.F. is able to demonstrate the use of objects, once tactile infor
mation is available to assist identification. Carey et al. (1996) also demonstrated 
that D.F. failed to orient her hand to the orientation of a cross which she was 
asked to pick up. They concluded that D.F. cannot use true form to guide her 
movements; she cannot combine contour orientations into a shape. Goodale et al. 
(1994b) showed that D.F. picked up irregular smooth shapes in similar ways to 
healthy controls, so the results of Carey et al. (1996) suggest tha t she did so by 
extraction of the major axis, rather than by fine analysis of the shape. D.F. may 
be able to analyse coarse shape in order to guide her movements towards objects, 
but not fine shape consisting of contour combinations. This may also be due to

^°See section 1.4.
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her inability to use relative coding, as orienting the hand to match the orientation 
of a cross involves coding the orientations of the two arms with respect to each 
other.

Vishton et al. (1999) demonstrated that visuomotor susceptibilty to an illusion 
can be increased when the response requires relative coding and that perceptual 
susceptibility can be reduced when the response emphasises an absolute measure. 
They asked subjects to make grasping movements or relative (verbal) size judge
ments of one of the components of the horizontal-vertical illusion, and found an 
effect of the illusion on size judgements but not on grip scaling. However when 
subjects were trained to make size judgements of lines in millimetres, requiring 
absolute rather than relative coding, their estimates of the components of the 
illusion were not significantly biased. Additionally, when subjects made grasping 
movements requiring relative coding (placing thumb and two fingers at the three 
points of an isosceles triangle), grip scaling was strongly affected by the illusion. 
Wraga, Creem and Proffitt (2000) used a large scale Miiller-Lyer configuration 
and had subjects make verbal estimates or perform blind walking of the extent 
of the shaft. When this was done from an offset path, subjects showed a similar 
illusory bias in both judgements. When subjects stood at the end of the shaft 
in order to elicit egocentric coding, verbal responses still showed an illusion ef
fect, but to a lesser degree, and blind walking showed no evidence of the illusion. 
Egocentric coding appears to be necessary in order for the dissociation of illusion 
effects between perceptual and motor tasks to be shown.

Describing the two streams in terms of relative versus absolute coding of informa
tion instead of strictly perception versus action can also help explain the results 
of Brenner and Smeets (1996) and Jackson and Shaw (2000), who investigated 
two actions, grasp and lifting force, and found the latter but not the former was 
affected by an illusion. As described previously in section 2.2.2.3, grasp requires 
absolute information but lifting force requires a calculation of anticipated weight 
which must be inferred from visual properties and object knowledge. These are 
factors which depend on ventral stream processing. Therefore if ventral stream 
processing of features such as object size and material are required in order to 
calculate expected weight (e.g. big objects are often heavier than small objects; 
shiny, metallic objects are usually heavy), anticipated weight might be expected
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to be influenced by a visual illusion.

Bruno (2001) suggested tha t inconsistencies in recent reports of illusory effects 
on action and perception can be reconciled if the systems are considered to differ 
in terms of frame of reference analysis rather than solely the response required. 
However, Franz, Biilthoff and Gegenfurtner (2001) claimed that this does not 
reconcile the data with Milner and Goodale’s action versus perception hypothesis; 
rather it abandons it altogether by abandoning the core assumption that response 
mode determines the way visual information is processed. In my opinion this is 
not necessarily true; the two visual streams proposed by Milner and Goodale 
(Milner and Goodale, 1995; Goodale and Milner, 1992) stressed a distinction 
between perception and action on the basis that each type of response is generally 
based on a different type of processing. The way visual information is transformed 
is the crucial point. On the whole, perception requires relative coding and action 
requires egocentric coding; this does not exclude the possibility that under certain 
circumstances an action may require relative coding and a perceptual judgement 
may require absolute coding. In order to reconcile the data with the hypothesis, 
one does not need to abandon the perception versus action hypothesis, but one 
may need to relax it, and accept that the definition of perceptual coding as 
relative and visuomotor coding as absolute is only a general rule of thumb.

2.6 Evolutionary origins and development

2.6.1 Evolutionary advantages of separate visual streams

The ability to make rapid adjustments to sudden changes in the location of objects 
may have been highly selected for in primate evolution (Castiello and Jeannerod, 
1991). The visual control of action is thus likely to be continuously monitored 
online so that rapid adjustments can be made. Such monitoring is not necessar
ily needed for the perception of object properties, which are unlikely to change 
rapidly and unpredictably. This may explain why adjustments to perception have 
been found to lag behind adjustments to motor action. For example, Gastiello, 
Paulignan and Jeannerod (1991) asked subjects to grasp an object which could be
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displaced during the grasp. Subjects were instructed to say when they perceived 
a displacement in the object’s position. When the object was displaced at the 
onset of the grasping movement, the vocal response was emitted 420 ms later, 
but adjustments to the trajectory of movement could be seen as little as 100 ms 
after movement onset.

Goodale and Humphrey (1998) suggested that the origins of vision may have much 
more to do with guiding action than with conscious perception. Vision evolved 
in animals to guide their movements through the world, and the visual system 
of most animals involves a set of visuomotor modules, each of which controls a 
particular class of motor outputs. The complexity of mammal life, particularly 
that of higher primates, demanded more flexible visuomotor control, and new 
visuomotor control systems emerged, which remain distinct from networks medi
ating visual perception. Visual perception, in the sense of conscious awareness 
of visual properties, is evolutionarily much newer, developed in order to allow 
primates the ability to identify objects, understand their signiflcance and plan 
actions (see Goodale and Humphrey, 1998, for a review).

2.6.2 Development

As ontogeny is sometimes thought to mirror phylogeny to some extent, it is in
teresting to consider the development of the perceptual and visuomotor systems. 
Bertenthal (1996) considered the possibility that the functional dissociation be
tween perception and action exists early in development. According to the tradi
tional Piagetian view of sensorimotor development, the newborn infant has only 
very simple sensorimotor behaviours. Perceptions and actions are initially in
dependent processes which become gradually coordinated with experience, the 
implication being that very young infants’ behaviour is largely insensitive to the 
environmental context. This was largely based on the finding that infants do not 
reach for occluded targets until they are 8 or 9 months old. However, later studies 
have suggested th a t when a different response such as preferential looking is used, 
infants can be shown to reason about perceptual occlusion from 3 months of age, 
or even younger (Kawabata, Gyoba, Inoue and Ohtsubo, 1999). Recent evidence 
has shown tha t neonates are also more competent than once believed, able to, 
for example, visually track moving targets and make hand extensions towards
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visibly moving targets. Action does not need to be visually guided, as infants 
can orient to sounds and reach in the dark (see Bertenthal, 1996, for a review). 
This evidence shows that even at birth there is coupling of perception and action, 
and perceptually controlled actions are available in certain forms. Object recog
nition also seems to be available very early; infants recognise their mothers’ faces 
from a very early age. Pascalis, de Schonen, Morton, Deruelle and Fabre-Grent
(1995) found that 4-day-old infants looked longer at their mother’s face than at 
a stranger’s face, even when only visual information on identity was provided^ 
There is also some evidence that newborn infants can imitate certain facial ges
tures (e.g. Meltzoff and Moore, 1989). This cannot be visually guided because it 
involves movements that the infant cannot see. While the systems may not be 
fully developed, there does seem to be evidence that they are distinct from one 
another early in development and can be coupled to produce perceptually guided 
actions.

Kovacs and others (see Kovacs, 2000), using a contour integration task in which a 
contour consisting of oriented gabor patches was embedded within noise elements, 
found that there was gradually increasing performance at contour detection in 
children aged between 5 and 14 years. When the spacing of the contour elements 
was varied while keeping the relative noise level constant, adults were found 
to be only affected by the signal-to-noise ratio, but children performed better 
when the spacing between contour elements was small. Detection of the contour 
involves integration of information across the visual field, and Kovacs (2000) 
concluded that the distance over which spatial integration can be performed in 
young children is smaller than that of adults. This then led to the prediction 
that children will be less susceptible to contextual influence, as measured using 
the Titchener Circles illusion, in which the contextual information (surrounding 
circles) causes the central circle to appear bigger or smaller than it really is. 
Indeed, adults were significantly affected on a size comparison task, 4-5 year 
old children only marginally so. Considering recent use of the Titchener Circles 
illusion to demonstrate differences between the perceptual and action systems

Earlier experiments had involved the infant being held by an experimenter (Bushnell, Sal 
and Mulhn, 1989) or had used sucking as a response measure (Walton, Bower and Bower, 1992). 
Both the tactile stimulation and act of sucking may be features that the infant associates with 
the mother, and therefore could account for differential responses to the mother and a stranger 
based on simple associative learning rather than a facial recognition mechanism.

90



2. Two Visual Systems: Behavioural Evidence, Origins and Alternatives

in adults (Aglioti et ai, 1995; Haffenden and Goodale, 1998), Kovacs (2000) 
suggested that the reduced illusion effect could also be due to immaturity of the 
perceptual system.

Kovacs (2000) hypothesised that the development of the ventral stream may be 
delayed relative to the dorsal stream. However, Atkinson, Braddick, Lin, Curran, 
Guzzetta and Gioni (1999) used measures of motion and form coherence to in
vestigate the development of the dorsal and ventral streams respectively. Motion 
coherence involved detecting the strip in which a proportion of dots were oscillat
ing in antiphase to the surround. Form coherence involved detecting concentric 
circles composed of a proportion of oriented line segments. Normal 5-7 year old 
children performed at similar levels to adults on the form coherence task, but 
had motion coherence thresholds 2 . 5 - 3  times higher. This suggests that dorsal 
stream processes underlying motion coherence develop more slowly than ventral 
stream processes underlying form coherence performance. In addition, Gunn 
et al. (2002) also found that there was greater variability and some delay in mo
tion coherence compared to form coherence development in reaching adult levels. 
These results were supported by findings by Atkinson, Braddick, Anker, King, 
Mercuri, Nokes and Hartley (1996) using the letter posting task which was also 
used by Goodale et al (1991) to dissociate D.F.’s performance on tasks utilising 
dorsal and ventral stream processings^. A 7 year old child showed similar errors 
on matching the orientation of the letter to the slot (ventral processing) and on 
posting the letter through the slot (dorsal processing). However, a 4 year old 
child was more accurate on the matching than the posting task, suggesting that 
dorsal stream development lags behind ventral stream development. It therefore 
seems that ontogeny does not necessarily mirror phylogeny in the context of the 
development of vision for action and vision for perception.

2.7 Vision and awareness

Visual awareness, defined as subjective or reportable awareness of visual per
cepts (Milner, 1998) is suggested to arise from the functions of the ventral stream.

^^See section 1.3.1
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Castiello et a i (1991) concluded from their study that perceptual awareness takes 
far longer than adjustments to ongoing motor activity provoked by the stimulus 
(see section 2.6.1). Although subjects adjusted their movements very quickly 
when a target was displaced, it was some 300ms later that they became con
sciously aware of the displacement. Consistent with this, Pisella et al. (2000) 
reported tha t normal subjects were often unable to stop automatic correction 
responses to a jump in target location, even when they were explicitly instructed 
to stop their movement, rather than correct it (see section 1.3.2). This suggested 
tha t ongoing motor activity is not necessarily accessible to awareness or to con
scious control.

Goodale and Milner’s (1992) theory attributed visual awareness to the activity of 
the ventral stream whilst denying it to the dorsal stream. The neuropsychological 
data supports this; D.F., with ventral stream damage, has little visual awareness 
of the objects tha t she can accurately grasp (see section 1.3.1). She also uses grips 
which are accurate, yet inappropriate to the function of an object (Carey et al., 
1996). Thus while the dorsal stream processes visual information for action, it 
does not appear to process information concerning the identity or function of 
the object, which can be a major factor in determining exactly what action is 
performed on the object. The ventral stream, on the other hand, is proposed 
to have access to a visual knowledge base and is therefore suited to providing 
conscious visual awareness (Milner, 1997).

D.F. has been shown to have no perceptual appreciation of the objects she can 
accurately manipulate (see Milner, 1998, for a review). Murphy, Racicot and 
Goodale (1996) asked D.F. to indicate a square or an oblong, given a choice of 
two blocks. D .F.’s performance was far better when she reached out to pick up 
the shape than when she responded verbally. The authors noticed that D.F. 
often moved towards one of the blocks before correcting herself, and these initial 
movements were of similar accuracy to her verbal responses. D.F. may be able to 
monitor her grip size when approaching an object, and use this to tell her what 
the shape is, despite being unable to perceive the shape visually. Dijkerman and 
Milner (1997) found D.F. could copy oriented lines by ‘drawing in the air’ first. 
When instructed not to do this, she was still accurate, but took a very long time 
to make her copies. This turned out to be because she imagined herself tracing
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over the lines first. When required to make immediate copies, she failed. As 
D.F. had no perceptual appreciation of the orientation of the lines, Dijkerman 
and Milner (1997) concluded tha t the mental imagery she used must be motor 
imagery, rather than visual imagery.

D.F. can become aware of an object’s identity or visual properties via tactile 
exploration or use of motor imagery, but she does not have such awareness on the 
basis of visual information alone. Note, however, that under certain circumstances 
it appears that perceptual functioning of the dorsal stream can become accessible 
to consciousness. Le et al. (2002) described patient S.B. who essentially has only 
the left dorsal stream still functioning. While severely visually impaired, S.B. 
does have some visual awareness, in the absence of any ventral stream function^^.

Lê et al. (2002) suggested that patient S.B. is a unique case, a patient who has 
learned to see and act with a visual system restricted to only one dorsal stream 
since a very young age. As such, it is unclear to what extent S.B. represents a case 
of visual form agnosia. Studies of more ‘standard’ visual agnosic patients, where 
damage has occurred to a previously normal, mature visual system, cannot tell 
us exactly how visual awareness is generated, but they do imply that the intact 
ventral stream is the basis for visual percepts, and awareness of the contents of 
those percepts.

However, McGeorge (1999) questioned Milner and Goodale’s assertion that con
scious awareness is a property of the ventral stream but not of the dorsal stream. 
This statement makes an implicit assumption that conscious awareness can be 
a property of a specific processing system, and therefore implies that separate 
processing systems may have their own forms (or levels) of conscious awareness. 
While there is good evidence th a t the dorsal stream can operate without the 
phenomenologial experience of awareness (e.g. Castiello and Jeannerod, 1991), 
there is also evidence that processing of object identity can occur without visual 
awareness. For example, Gordon and Irwin (1996) have found evidence that ob
ject identity information can be accessed without consciousness. McGeorge (1999) 
claimed therefore tha t conscious awareness does not seem to be a property of the 
ventral stream up to quite a high level of encoding. Instead, he suggested that the

^^See section 1.3.1

93



2. Two Visual Systems: Behavioural Evidence, Origins and Alternatives

framework of a model suggested by Schacter (1989) may help formulate the rela
tionship between the two visual streams and conscious awareness. In Schacter’s 
Dissociable Interactions and Conscious Experience (DICE) model, a number of 
knowledge modules connect to a conscious awareness system (CAS). The dorsal 
and ventral streams can be considered as modules, with consciousness conceived 
as something that exists over and above the modular processes. Both the dorsal 
and ventral streams could therefore potentially interact with the CAS. It is un
clear why the dorsal stream seems to gain access to conscious awareness so much 
less readily than the ventral stream, but McGeorge (1999) suggested it may be 
to do with the direct connections of the dorsal stream to motor output. In any 
case, this framework may begin to provide an explanation as to why patient S.B. 
can have some perceptual awareness of dorsal stream function (Lê et a/., 2002).

Damage to the striate cortex often results in blindsight; patients who report 
themselves to be blind in one visual field or part of a field, and yet can reliably 
discriminate visual stimuli (e.g. by pointing) within this field. The patients 
themselves are not aware of the stimuli, and believe that they are guessing. Striate 
cortex does not seem to be the basis of visual awareness, as D.F. has a largely 
intact striate cortex but very little awareness, suggesting that striate cortex is 
necessary but not sufficient for visual awareness. Crick and Koch (1995) argued 
that the activity of frontal areas is necessary for consciousness, and the lack 
of any direct projection from VI to the frontal cortex excludes it from being a 
potential source of awareness. As D.F.’s brain damage has mostly spared her 
dorsal stream, it is reasonable to conclude that visual awareness is also not a 
function of this pathway. By default, therefore, the ventral stream is attributed 
with providing the major portion of visual awareness. However, Lamme, Super, 
Landman, Roelfsema and Spekreijse (2000) pointed out that whether VI plays 
a role in visual awareness or not depends largely on how one considers visual 
awareness to be mediated in the brain. If a particular set of brain areas or 
pathways is responsible, VI seems an unlikely candidate, as neuronal activity here 
is not enough to mediate awareness. Awareness may also be considered as a result 
of global activity, for example spike rate modulations. The rate of firing of monkey 
VI cells is modulated by perceptual context, and these modulations correlate 
with aspects of perceptual organisation, visual awareness and attention. For 
example, some VI cells reflect the reported percept in binocular rivalry studies.
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This modulation may be dependent on feedback from other cortical areas, and 
some theories of visual awareness consider a general ‘state’ of activity involving 
several areas and depending on feedforward-feedback connections. Lamme et al. 
(2000) suggested that a percentage of VI activity (and the activity of many other 
cortical areas) may correlate with awareness, and if this is true, VI, along with 
many other brain areas, plays a role in visual awareness.

Why do blindsight patients have little visual awareness in their ‘blind’ areas, 
and yet still exhibit some visual functioning? Striate cortex is not the only 
pathway into extrastriate visual areas (Bullier, Girard and Stalin, 1994). When 
striate cortex is lesioned in non-human primates, activity in V2, V3, V4 and IT is 
abolished, but not in areas V3a, MT and the superior temporal poly sensory area 
(STP). In other words, only the ventral pathway appears to be dependent on an 
intact striate cortex for its functioning. The major alternative route for visual 
information is from the retina via the superior colliculus to the lateral and inferior 
pulvinar of the thalamus. Prom here, visual information passes to various striate 
and extrastriate pathways. If both striate cortex and the superior colliculus are 
lesioned, responsiveness in area MT is completely abolished (Rodman, Gross and 
Albright, 1990), supporting the idea that it is this alternative route that allows 
dorsal stream function to continue following striate damage. Since after striate 
damage areas of the ventral pathway are no longer responsive, but those of the 
dorsal stream are, it seems likely that blindsight patients’ covert visual abilities 
are due to dorsal stream activity, but visual awareness emerges from ventral 
stream processes.

D ata from studies using visual illusions with normal subjects also support the 
idea that conscious awareness of visual information is a function of the ventral 
stream. Generally visual perception has been found to be susceptible to pictorial 
illusions, which have smaller effects, or no effect at all, on action. While the 
illusion effect is minimal for visually guided action, the visual awareness of the 
illusion is very strong.
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2.8 Alternatives to the two visual streams

2.8.1 Three visual streams

As previously described, patients with unilateral neglect show impaired aware
ness and perception of visual events presented to the contralesional visual field. 
However, in many cases their visuomotor responses seem relatively spared^^. Mil
ner and Goodale (1995) argued that the dorsal stream terminates in the superior 
parietal lobe, not the inferior part which is most commonly associated with ne
glect. They suggested tha t the inferior parietal lobule is in fact part of the ventral 
stream, or possibly represents an area of interaction between the dorsal and ven
tral streams. There is also a tentative suggestion that a ‘third stream’ exists 
(Milner and Goodale, 1995, p i 10).

Turnbull (1999) attem pted to define a possible third stream in addition to the 
ventral and dorsal streams, and to speculate on its properties. He argued that 
certain types of visual information may not be relevant for a recognition system. 
It is important for a recognition system to achieve object constancy; in other 
words, an object needs to be recognised as one and the same object from differ
ent orientations, at different distances and different sizes. To this end, there are 
cells in the ventral stream which code object identity irrespective of, for example, 
viewing orientation and distance (Logothetis et ai, 1995). Therefore, in normal 
object recognition, it may be useful for the ventral stream to ignore certain types 
of spatial information. However, this spatial information would be very important 
when guiding an action towards an object. On the other hand, there are certain 
patients with damage outside the classic ventral areas who show difficulties in 
recognising objects in non-standard viewing conditions; for example, in unusual 
lighting, with the principal axis foreshortened or with features occluded (War
rington and James, 1986). Patients with such disorders typically have lesions in 
the inferior parietal lobule. Turnbull (1999) argued that these data indicate that 
spatial information, which might ordinarily be ignored, is important for object 
recognition under non-optimal circumstances.

“̂̂ See section 1.3.3
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1 inferotemporal cortex)

Figure 2.6: Diagram of the speculative locations of three visual streams in the 
human brain (adapted from Turnbull, 1999).

Turnbull (1999) proposed the inferior parietal lobule as a third visual system, 
dealing with spatial information in a different way to the visuomotor system (see 
figure 2.6). This stream would code spatial information, not in egocentric co
ordinates, but in a form which generates enduring representations. This proposed 
third stream could account for patients with damage to this area who fail on 
tasks requiring recognition in non-optimal situations where objects are poorly lit 
or fragmented. It can also account for the finding that patients with unilateral 
neglect do show some visuomotor abnormalities. Turnbull (1999) suggested that 
such a ‘visuo-spatial’ system might serve to re-organise and normalise an unusual 
or noisy visual image to aid recognition under such circumstances, and could also 
assist the visuomotor system.

2.8.2 Planning versus online control

Glover and Dixon (2001a; 2001b; 2001c) claimed that the differential effects of 
visual illusions on action and perception can be better explained by a model which 
makes a distinction between planning and online control rather than between 
perception and action.
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Glover and Dixon based their evidence for this claim on their finding that a 
orientation illusion does affect the orientation of a grasp, but only in the early 
portions of a movement. These illusory effects are corrected online, and by the 
time the action nears its completion the effect of the illusion has disappeared. This 
occured whether visual feedback was allowed or not. Glover and Dixon (2001c) 
suggested that the effects of illusions can be best understood by distinguishing 
between planning and online control. They posited that planning and online 
control use separate visual representations. Planning relies on a comparison of 
present visual information with past experience in selecting a motor program, and 
is heavily influenced by the context surrounding the target. Control is specifically 
concerned with guiding the hand accurately to a target and is largely independent 
of context. Glover and Dixon (2001a; 2001b; 2001c) claimed that their observation 
of a dynamic illusion effect - an illusion effect that decreases over time - supports 
a planning versus control model of action.

Most of Glover and Dixon’s evidence came from studies using an orientation illu
sion in which a bar was placed on an oriented grating, and was perceptually tilted 
in the opposite direction to the grating. This has been suggested to be a ‘low- 
level’ visual illusion, mediated by early visual processing, possibly at the level of 
orientation filters in primary visual cortex. Dyde and Milner (2002) found that a 
similar illusion, the simultaneous tilt illusion, affected both perceptual judgements 
and action, whereas a ‘pictorial’ orientation illusion, the rod and frame illusion, 
affected only perception. In a previous study (Kwok, unpublished), I have also 
found that the Heringbone illusion has similar effects on manual estimation and 
grasping. It is suggested tha t these ‘low-level’ illusions are mediated by process
ing common to both the dorsal and ventral streams before their divergence, and 
therefore it is not surprising th a t they exert some influence on action.

Danckert, Sharif, Haffenden, Schiff and Goodale (2002) reanalysed the data pre
sented by Haffenden et al. (2001) in temporal segments^^. Thus they investigated 
the possibility of online correction of grip aperture during grasping towards the 
Titchener Circles illusion, a ‘higher-level’, pictorial illusion. They analysed move
ments at four points; 25%, 50% and 75% of time to maximum aperture, and at 
maximum aperture itself. In studies reported by Glover and Dixon, illusion ef

^^See section 2.2.2.2 for a description of this study
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fects on action were seen well beyond 25% of the way through the movement, so 
this time point should show any early effects of the illusion on grasping. Danckert 
et a i (2002) found no effects of the illusion at any time point when the tradi
tional large and adjusted small versions of the illusion were compared. When the 
traditional large and traditional small versions were compared, the only signifi
cant illusion effect was seen at maximum aperture, tha t is, late in the movement 
rather than early, as Glover and Dixon would predict.

Glover and Dixon (2002) have also reported an investigation of the Titchener 
Circles illusion, in which they showed that grasping was more affected by the 
illusion in the earlier portions of the movement than in later portions. Glover 
and Dixon (2002) stated tha t the dynamic illusion effect could be accommodated 
within the perception versus action model if one assumes that the two modules 
interact in the course of action, with perception making a substantial contribution 
to the planning of the movement. However, they suggested that there is “no a 
priori necessity for an interaction of this sort, [so] such an assumption would 
tend to undermine the distinction between perception and action that motivates 
this approach” (Glover and Dixon, 2002, p271). As stated in section 2.5, the 
distinction between the two streams may be best defined not rigidly in terms of 
response type, but rather in terms of the frame of reference analysis best suited to 
each. Glover and Dixon (2002) also stated that “information about the context is 
crucial in planning movements that avoid obstacles and/or depend on affordances 
involving the context” (p267). It is therefore not clear why this is not an a priori 
necessity for a role for perception (or relative coding) in planning. All but one 
of the studies supporting Glover and Dixon’s planning and control model used 
a ‘low-level’ illusion. The single study using a pictorial illusion has not taken 
into account the effects of obstacles (using the traditional configuration of the 
Titchener Circles illusion), and is contradicted by another study using the same 
illusion (Danckert et a l, 2002). Given this, it is obvious that more evidence 
is required before the planning versus control model is accepted as a superior 
alternative to the perception versus action model. It is also unclear whether the 
planning versus control model can offer any advantages over an interpretation of 
the perception versus action model in terms of relative and absolute coding.

99



2. Two Visual Systems: Behavioural Evidence, Origins and Alternatives

2.9 Specific questions addressed in this thesis

The first part of the thesis (Chapters 4 and 5) will consider methodological issues. 
Experiment 1 addresses the notion of a dissociation between position and extent 
in the Judd illusion, as suggested by Mack et al. (1985) and Post and Welch
(1996). In addition, some of the criticisms of previous studies on perception and 
action using pictorial illusions, including effects of possible task differences in 
attention, will be investigated. Experiment 2 considers an important method
ological issue regarding the perceptual and motor responses often used in experi
ments investigating differences between perception and action, namely maximum 
in-flight grip aperture and manual estimation of size. Both manual estimation 
and maximum grip aperture are scaled appropriately to object size. They should 
not be directly compared within a single statistical test, as they are qualitatively 
different measures. However, previous studies have analysed the responses to 
different elements of an illusion and have assumed, explicitly or otherwise, that 
the illusion sizes obtained can be directly compared to each other (e.g. Haffenden 
and Goodale, 1998). The assumption in analyses of this kind is that it is valid 
to compare the difference between targets found in manual estimations and grip 
scaling. However, this is not necessarily the case. While both manual estimation 
and maximum aperture during grasping are scaled to object size, they may not 
be scaled in the same way. Only if the relationship between object size and each 
response is the same can they be directly compared in any sensible way. For ex
ample, if manual estimation increases more than maximum aperture for a given 
increase in object size, this could result in an apparently larger illusion effect for 
manual estimation than for maximum aperture.

The second part of the thesis (Chapters 6, 7 and 8) will investigate the conditions 
under which an action may be driven by dorsal or ventral processes. Experi
ments 3 and 4 investigate the kinematics of grasping movements towards three- 
dimensional targets, two-dimensional targets and pantomimed actions. Goodale 
et al. (1994a) has demonstrated that the kinematics of grip scaling are different 
when an action is pantomimed than when it is directed towards a real, 3D target. 
The authors suggested tha t pantomimed grasping is fundamentally different to 
natural grasping and is reliant on ventral stream processing rather than dorsal 
stream processing. Experiments 3 and 4 will look at whether grasp kinematics
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are also different when a grasp is directed towards a two-dimensional target, with 
the aim of discovering whether a grasp must be directed towards a ‘graspable’ 
object in order for the dorsal visual stream to dominate in driving the action.

Experiments 5 and 6 also use 2D and 3D targets, to investigate whether the 
pattern of illusion effects on perception and action are similar when responses 
are directed towards 3D targets or 2D images of those targets. Experiment 5 
will look at grasping compared to manual estimation to discover whether the 
dissociation using the Titchener Circles illusion is also found when the target is 
2D. Methodological issues such as flanker spacing and attentional demands are 
also taken into consideration. Experiment 6 investigates delayed grasping and 
asks whether a grasp towards a target in the Titchener Circles illusion is affected 
by the illusion when a short delay is introduced between viewing the target and 
grasping it. The same pattern of illusion effects when the target is both 2D and 
3D, would suggest tha t the visual representations underlying grasps to these two 
types of target are similar, both coding accurate information which decays very 
rapidly.

Experiment 7 will expand the investigation of grasping towards 2D targets, look
ing at the kinematics of grasps directed towards enhanced 2D images (with further 
cues to depth and distance added) and 3D targets which are not graspable (pre
sented behind transparent perspex) in addition to the graspable 3D, line-drawn 
2D and pantomimed conditions used in Experiments 3 and 4.
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All the experiments described in this thesis utilised a motion tracking system 
known as ELITE (elaboratore di immagini televisive, Ferrigno and Pedotti, 1985), 
manufactured by Bioengineering Technology & Systems (BTS, Milan, Italy). This 
system allows natural movements to be recorded in three dimensions so that the 
kinematics of the movements can be reconstructed and analysed. Normal adults 
were used as subjects, so they could be given instructions which allowed fairly 
precise starting and end points to be specified for movements on each trial.

3.1 Motion tracking systems

Human movement tracking systems can be generally classified as inside-in, inside- 
out and outside-in systems (Mulder, 1994). These systems always measure move
ment relative to some point of reference. To do this, there must be a sensor and a 
source or marker. The sensor could be attached to the object (e.g. the hand) and 
sense (measure distance to, orientation of, or position of) a source attached to 
the reference. On the other hand, the sensor could be attached to the reference, 
and could sense a source attached to the object. When measuring the human 
body it is possible tha t one body part can be the reference for another, so sensor 
and source could both be attached to the body.

There follows a brief description of the different types of movement tracking 
systems, and a more detailed description of outside-in systems, of which the 
ELITE is an example.

3.1.1 Inside-in systems

Inside-in systems employ sensors and sources tha t are both located on the body. 
As no external source or reference is necessary, the workspace can be unlimited
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(i.e. the system moves with the objects being measured). Generally these systems 
have small markers or emitters (as sensors or sources) and are suitable for small 
body parts like the fingers. However inside-in systems can be intrusive as they 
are worn on the body, and, because there is no external source, they generally do 
not provide any three-dimensional world based information.

An example of an inside-in system is the Dataglove (VPL Research Inc., Califor
nia). The Dataglove is a fabric glove with two fibre optic loops on each finger. 
Each loop is dedicated to one knuckle. At one end of each loop is a light emitting 
diode (LED) and at the other end is a photosensor. The cable has small incisions 
along its length. When a finger is bent, light escapes from the fibre optic cable. 
The amount of light reaching the photosensor is measured and converted into a 
measure of how much the finger is bent.

3.1.2 Inside-out systems

Inside-out systems employ sensors on the body tha t sense artificial external 
sources (e.g. a coil moving in a externally generated electromagnetic field), or 
natural external sources (e.g. a mechanical head tracker using a wall or ceiling as 
a reference). Generally the form-factor is quite large, so use of these systems is 
usually restricted to medium and larger sized bodyparts. Although these systems 
provide 3D world-based information, their workspace is generally limited due to 
use of the external source.

An example of a inside-out system which tracks a user’s head position and orien
tation is the HiBall Tracking System (designed by the Tracker Research Group 
at the University of North Carolina). In this system the optical sensors are 
mounted on the user’s head, packaged in a golf-ball sized device and the LED 
targets (sources) are fixed in the environment on ceiling panels. This system can 
be used to track the user’s perspective through a virtual scene.

3.1.3 Outside-in systems

Outside-in systems use external sensors that sense artificial sources or markers on 
the body. Examples are electro-optical systems that track reflective markers or
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natural source(s) on the body (e.g. a videocamera-based system that tracks the 
pupil and cornea). These systems are considered the least obtrusive method of 
movement tracking. They mostly involve videocamera-based technologies which 
are limited by occlusion, often a problem when trying to track smaller bodyparts 
(e.g. fingers) or interacting bodyparts (e.g. interacting hands). These technolo
gies are also only operational in a limited workspace due to the field of view of 
the cameras.

There are two broad categories of outside-in movement tracking technology: ac
tive and passive systems. In active systems markers transmit a signal to the 
sensors. In passive systems the markers are reflectors - in the ELITE they reflect 
infrared light.

3.1.3.1 Active systems

Active systems use markers which transmit a signal to the receptor or sensor. 
Two commonly used systems are the WATSMART system employed by, for ex
ample, Hu et al. (1999) and Goodale et al. (1991) and the Optotrak used by 
Haffenden and Goodale (1998), Dijkerman et al. (1999) and Milner et al. (1999) 
among others. Both systems are manufactured by Northern Digital Inc., Wa
terloo, Ontario, and work on very similar principles (the Optotrak evolved from 
WATSMART, which is no longer produced).

These systems use infrared-emitting diodes as markers, which are detected by a 
set of cameras. Each marker emits in succession, so the system is able to distin
guish between markers. However, as with most active systems, the markers are 
physically connected to the hardware, so the experimental subject must perform 
movements with wires running from each marker. As such, active systems are 
more intrusive than passive systems which do not require such physical connec
tivity to the sampling hardware.
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3.1.3.2 Passive systems

Passive systems such as the ELITE, in common with active systems, use two or 
more cameras to calculate the positions of the markers. In this case, however, the 
markers are made of a highly reflective material. The cameras are sensitive to 
infrared light and the markers detected are areas of high luminance. The markers 
are not distinguished from each other before the acquisition phase, and after a 
motion capture session the recorded data must be post-processed or tracked. 
The centres of the marker images are matched in images from pairs of cameras, 
and a triangulation approach analogous to stereopsis is used to compute the 
marker positions in 3D space. Each marker’s position from frame to frame is 
then identified.

The obvious advantage of this method is that the small markers attached to the 
fingers and hands are relatively unobtrusive. There are no attached wires, and it 
is reasonably easy for the subject to move naturally. However, as the positions of 
the markers are not directly recorded, there is no way for the system to tell which 
marker is which. When two markers are close together, it is easy for the system to 
confuse one marker with another. This results in the major disadvantage of the 
ELITE system; the operator must manually classify the markers in each camera 
view at least once per trial - a very time consuming extra stage.

3.1.4 ELITE system

The ELITE setup used in the experiments described in this thesis consisted of 
two cameras which each have infrared light emitting diodes surrounding the lens. 
A 120MHz Pentium PC was used to control the ELITE system, and also to store 
and analyse the data.

In Experiment 1, the cameras were mounted on vertical poles to one side of the 
subject, at a height of 1.92m, and with a separation of 1.58m between them. 
This allowed a acquisition volume or workspace of about 1.5 cubic metres to be 
defined. In Experiments 2-7, the cameras were ceiling mounted (at a height of 
2.48m) with a separation of 1.26m, again allowing a workspace of about 1.5 cubic 
metres to be defined. While it is a disadvantage of outside-in motion tracking
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systems in general that the workspace is limited by the camera views, this was not 
a major concern in these studies, as the defined space was more than adequate 
for a natural reach-to-grasp movement.

Markers used were those supplied by the manufacturer. These were hemispherical 
and measured 6mm in diameter, standing out from the surface, which improves 
overall capture. As stated before (see section 3.1.3) outside-in systems using 
videocameras are limited by occlusion of markers. In order to track a movement in 
its entirety, both cameras must detect all markers at all times. In reality, it is not 
uncommon for markers to disappear from view for a few frames. Occlusion was 
minimised in these experiments by requiring subjects to start in a fixed position 
and make very simple, straight, directed reaches. However, in some cases overall 
marker visibility was inadequate and a number of trials were eliminated from 
analysis for this reason.

W ith active systems the markers can be distinguished even when very close to
gether, as long as all markers are within the view of each camera. For passive 
systems such as the ELITE, care must be taken that two markers do not become 
so close to each other that the system cannot distinguish one from the other. 
It is customary for subjects in visuomotor experiments to begin each trial with 
the finger and thumb held together. However, the ELITE is liable to merge the 
markers on the thumb and finger together when they are held this close. For this 
reason, subjects began each trial holding a small object fixed to the table surface 
between the finger and thumb.

The sampling rate of the ELITE is 50Hz. Gentilucci, Toni, Chieffi and Pavesi 
(1994) reported the spatial resolution of the ELITE system as 0.4mm, obtained by 
measuring the maximal variations of the recorded distance between two moving 
stimuli tha t have a fixed distance between them. The spatial resolution of the 
system depends upon the size of the markers and distance from the cameras, so the 
same method was used to measure the spatial resolution of the ELITE setup used 
in the experiments described here. Two markers were fixed on a fiat surface at a 
distance of 50mm, and were moved and recorded for 500 milliseconds (25 frames). 
This was repeated for a total of 8 trials, and the maximal variation of the recorded 
distance between the two markers was identified. The average resolution was
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calculated as 0.43mm, very close to that reported by Gentilucci et al. (1994). This 
measured spatial resolution applies to the ELITE setup reported in Experiments 
2-7. The spatial resolution of the setup used in Experiment 1 was not recorded, 
but was assumed to be less than 1mm.

3.1.4.1 Software

The software supplied with the ELITE system consists of a number of options 
for manipulating and graphing the data. However, the interface and procedure 
is unsophisticated compared to modern graphical user interfaces. The ELITE 
also keeps records in a unique form which cannot be easily transferred into other 
analysis packages.

It was therefore decided to analyse the data produced by the ELITE in software 
specifically designed for the purpose of these experiments. Data files from each 
trial recorded by the ELITE were transformed into comma delimited text files 
containing position and instantaneous velocity, using software written in C-f-f 
for previous experiments with the same equipment (Atkinson, King, Braddick, 
Nokes, Anker and Braddick, 1997; King, Newman, Atkinson and Braddick, 1998).

In order to analyse the data contained in the text files, specialised software was 
written using MATLAB (version 6, The Mathworks, Inc.). This allowed the 
text files to be read in and the aperture and velocity profiles of each trial to be 
presented graphically. These data could then be manipulated in various ways 
to obtain measurements of, for example, the maximum separation between the 
fingers, maximum velocity, acceleration phase, and so on. These measures will 
be described in more detail in later chapters. The data were also filtered using 
a 5th order 7Hz lowpass Butterworth filter to remove noise above 7Hz from the 
data sequence. This was done using a specialised function in the Matlab Signal 
Processing Toolbox which performs zero phase digital filtering. The input is 
filtered in both forwards and backwards directions. The function filters forwards, 
then reverses the filtered sequence and passes it back through the filter. The 
resulting sequence therefore has zero phase distortion.
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4. Experiment 1 - Perceptual
Judgement and Grasping to the 
Judd Illusion

4.1 Introduction

This experiment was designed to address several issues arising from an assessment 
of the literature to date on the dissociation of perception and action in visual 
illusions (reviewed in Chapter 1). In particular aims were (a) to examine whether 
the use of a grasping measure could help to distinguish effects on extent and 
position judgments and (b) to examine the role of attentional effects.

As described in section 2.2, visual illusions are a possible means by which the dual 
route hypothesis can be tested, and offer a way of dissociating the functions of the 
dorsal and ventral streams in non brain-damaged individuals. Visual size illusions 
tend to result when the dimensions of a target are misperceived due to the con
text in which it is embedded. As the ventral perceptual system is hypothesised to 
use relative information and the dorsal visuomotor system absolute information 
for size-related judgments, it was predicted that perceptual judgements would be 
susceptible to visual illusions, while motor responses directed towards illusion fig
ures would reflect their real dimensions. This dissociation has been demonstrated 
using the Titchener Circles illusion (Aglioti et a l, 1995; Haffenden and Goodale, 
1998).

The Miiller-Lyer illusion has been interpreted by Mack et a l (1985) in terms of 
a dissociation between position and extent. These authors found tha t measures 
of the perceived position of the vertices of Miiller-Lyer figures showed little or 
no distortion. Measures of the extent of the figure (i.e. the length of the shaft) 
showed large distortions. However, these results could also be explained in terms
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of a dissociation between perceptual and visuomotor responses. The measure 
of perceived position required a visuomotor response, in which subjects reached 
and marked the position of the vertices of the Miiller-Lyer figure. The measure 
of perceived extent involved perceptual judgements of the illusion, the subject 
indicating when the two lines appeared to be the same length.

Post and Welch (1996) investigated whether these results could be interpreted in 
terms of a dissociation between perceptual and motor responses, using the Judd 
illusion (see section 2.2.1 and figure 2.3). Reaching to an imaginary bisector was 
biased in the direction of the perceived illusion, but reaching to a marked bisector 
was as accurate as reaching to a control figure. Post and Welch (1996) argued 
that in reaching to the unmarked bisector, subjects decided on the position to 
reach to based on their perceptual representation. They then reached accurately 
to this position. In the case of the vertices and marked bisector, subjects were 
simply able to accurately reach to a fixated location, since the Judd illusion, like 
the Miiller-Lyer, involves distortion of length and not position. However, it is 
still possible that these results can be interpreted as a dissociation of perceptual 
and motor responses. Other experiments looking at motor responses to visual 
illusions have used illusions with a specific location or boundary for the target 
(Aglioti et ai, 1995; Haffenden and Goodale, 1998; Gentilucci et ai, 1996; Daprati 
and Gentilucci, 1997). In the Titchener Circles illusion the target is a disk, in the 
Miiller-Lyer illusion the target is a bar or a defined location. In all these cases, 
the visuomotor system can focus on a target that is physically present and (it 
is assumed) derive veridical information about it to guide the action. When the 
target is not physically present, the visuomotor system may have to depend on 
the perceptual system to provide the target for action, resulting in an illusion 
effect, as the target is derived from a system which is susceptible to the illusion. 
Thus, pointing to an imagined bisector in the Judd illusion may be similar to 
pantomiming an action, or reaching to a remembered target, both of which are 
hypothesised to be based on ventral stream processing (Goodale et al, 1994a).

Some studies using visual illusions have suggested a clear dissociation between 
illusion effects on perception and action. However, many have found there is some 
effect on action, usually reported to be much smaller than the perceptual effect. 
This does not necessarily refute the conclusions drawn from studies showing a
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clear dissociation, but rather suggests that the two streams may be interacting 
in some way. This is to be expected given that there are known anatomical con
nections between the two streams (see section 2.3.1). The present study aimed 
to clarify the effects of the Judd illusion on perception and action. It has been 
argued tha t pointing is unaffected by the illusion because pointing involves anal
ysis of position, which is not distorted (Post and Welch, 1996). However, it is 
possible to direct an action to the Judd illusion which requires analysis of ex
tent rather than position. The position versus extent hypothesis would predict 
tha t grasping directed towards a section of the Judd illusion (requiring analysis 
of extent) should show an equally large illusion effect to a perceptual measure. 
The Miiller-Lyer illusion, which has obvious similarities to the Judd illusion, has 
been shown to produce a much smaller illusion effect on grasp than on perception 
(Daprati and Gentilucci, 1997).

Pavani et a l (1999) argued that in the Titchener Circles experiments (Aglioti 
et a l, 1995; Haffenden and Goodale, 1998) there was a possible difference in 
attentional load between the perceptual and motor responses. The perceptual 
condition involved a comparison between the two arrays of circles, whereas in 
the visuomotor condition subjects could focus their attention on the array of 
circles containing the disk to be grasped, and ignore the other array, resulting in 
a smaller illusion effect (see section 2.2.2.1. The Judd illusion offers an example 
of an illusion in which only one figure is required. If subjects could not focus their 
attention solely on a target disk when it was surrounded by an array of circles, 
it seems unlikely that they would be able to focus their attention on a section of 
the Judd figure whilst ignoring the other section. This was another reason to use 
the Judd illusion in this study, in an attem pt to minimise possible differences in 
attentional demands between the two tasks. In addition, no explicit comparison 
of the two sections of the figure was required. Subjects were simply asked to 
grasp or estimate the top or bottom section of the stimulus.

Mon-Williams and Bull (2000) suggested tha t the dissociation between perception 
and action found in the Judd illusion may be due to occlusion. In a visuomotor 
response towards the Judd illusion, part of the background is occluded during the 
transport phase of the action. Mon-Williams and Bull (2000) looked at grasping 
to the centre of a bar placed between the two arrowheads of the Judd illusion, and
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found an effect of the illusion on verbal reports, but very little effect on closed-loop 
grasping. The illusion effect was still present in an open-loop grasping condition. 
However, Mon-Williams and Bull’s open-loop condition required subjects to reach 
under a table as if to pick up the bar from underneath. This is not a very natural 
grasping action, and may not be as equivalent to the closed-loop condition as the 
authors hoped (it may in fact have more similarities to reaching as if to pick up 
a two-dimensional image of the bar, in that the reach is goal-directed, but the 
target cannot actually be picked up. This is explicitly investigated in Chapters 
6 and 7). The nature of the grasp required may also have biased the results. 
Subjects were asked to reach towards the centre of the bar as if to pick it up. 
The intuitive way to pick up a long, narrow object like this is to attem pt to grasp 
it so tha t the two sides are balanced. If the figure was considered to be a single 
object incorporating the arrowheads, this would result in subjects grasping the 
bar in the direction of the illusion (i.e. towards the tail) as the extending tail fins 
would shift the centre of mass towards the tail end of the object.

As a result of these possible criticisms of Mon-Williams and Bull (2000), the 
current study was carried out using open-loop conditions which were designed 
to involve more natural movements. Subjects were required to reach towards 
the stimulus normally, but were prevented from seeing their reaching hand by a 
horizontal occluder. The action required was a grasp to pick up the Judd figure 
by two of three pegs fixed into the length of the shaft, (see figure 4.1). This 
should not require the subjects to make any assessment of the weight of the bar 
or its centre of mass.

Experiment 1 investigated whether grasps directed towards an extent of the Judd 
figure are influenced by its illusory dimensions. If pointing to the Judd illusion 
is unaffected because it is an illusion of extent but not position, grasping should 
show an equally large illusion effect as a perceptual measure, as grasping involves 
analysis of the extent of the section to be grasped. However, if the important 
factor is action versus perception, grasping should be less influenced by the illusion 
than perceptual judgements.
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4.2 Method

4.2.1 Subjects

Participants were 10 psychology undergraduate volunteers, 6 female and 4 male. 
Mean age was 20.0 years (range 1 8 -2 4  years) and subjects were paid for their 
participation. All had normal or corrected-to-normal vision and satisfied a pass- 
fail criterion for stereoscopic vision of 33 min of arc as measured by the TNO test 
for stereoscopic vision.

4.2.2 Apparatus and materials

4.2.2.1 Stimuli

Three-dimensional versions of the Judd illusion were used, plus a control stimulus 
as illustrated in figure 4.1. Stimuli were constructed from 3mm thick metal, 
painted m att black. Each Judd figure had a shaft 8mm wide and 140mm long, 
with fins 50mm long at an angle of 30° to the shaft. The horizontal distance 
between the 2 fins at their point of greatest separation was 50mm. The control 
figure had a shaft 140mm long with fins 25mm long at an angle of 90° to the shaft 
(i.e. straight bars 50mm long at the ends of the shaft). Four Judd figures were 
made, with metal pegs 8mm long at each end of the shaft, and a peg at 70mm, 
72mm, 74mm or 76mm from the point end. The control figure had pegs at each 
end and at 70mm along the shaft.

Subjects were also required to make an estimate of the midpoint of the Judd 
illusion using two-dimensional stimuli presented on paper. These were of the same 
dimensions as the 3D stimuli but without a marked midpoint. Each stimulus was 
presented in the centre of a landscape-oriented plain white A4 sized sheet of paper 
and was drawn in lines 2pt thick.
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Figure J-l'- Illustration of stimuli used. The distance between the centre of each 
end peg was I f  0mm; the distance between the point end and centre pegs was 
70mm for control and varied between 70mm and 76mm for the arrow figure.
The arrow figure was presented oriented upwards as shown and also oriented 
downwards.

4.2.2.2 Experimental setup

Subjects sat a table, with their heads maintained in a fixed position throughout 
the experiment by a chin rest positioned 290mm above the table surface. A 
board 180 x 300mm was held in a clamp and positioned horizontally in front 
of subjects so that they could see down only as far as the bottom edge of the 
stimulus. Stimuli were presented on a stand tilted at an angle of approximately 
60°, at a fixed distance of 500mm. This ensured that subjects’ line of sight 
was approximately normal to the centre of the stimulus. Reflective markers were 
taped to the corner of the nail on the index finger and thumb, and the movements 
of the fingers were recorded using the ELITE system (see figure 4.2).
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(a) The stimulus was hung on a stand
which slanted at an angle of approxi
mately 6(T. Reflective markers were at
tached to the edge of the nails of the 
thumb and index finger.

(b) Illustration of ELITE  camera sys
tem. Two infrared cameras tracked the 
positions of the reflective markers at
tached to subjects’ fingers and relayed 
this information to the computer.

Figure J..2: Experimental setup

4.2.2.3 Elite system

The positions of subjects’ fingers were recorded using the ELITE (BTS, Milan) 
motion camera tracking system (see figure 4.2b). Two infrared cameras tracked 
the refiective markers attached to subjects’ fingers and transferred these coor
dinates to a PC, where analysis software recorded the markers’ trajectories in 
three-dimensional space with a resolution of less than 1mm. Sampling rate was 
50Hz.

4.2.3 Design and Procedure

Subjects were first shown each of the 4 Judd figures twice, once pointing upwards 
and once pointing downwards, and were asked whether the section between the 
top two pegs looked bigger, smaller or the same as the section between the bottom 
two pegs. From this size judgement task, the stimulus with a peg closest to 
the perceptual centre for that subject was chosen. For the main part of the 
experiment, two Judd figures were used, one with a peg at the real centre, one
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with a peg at the perceptual centre for each subject.

This was a repeated measures design, each subject performing a manual size 
judgement and grasping task on various stimulus configurations. Each subject 
performed a total of 80 trials, in 4 blocks of 20 randomly ordered trials each, 2 
consisting of grasping trials, and 2 consisting of manual estimation trials. Within 
each block, the real and perceptual Judd figures and the control figure were each 
presented with either the top or bottom section as the target. The two Judd 
figures were also presented in two different orientations, pointing upwards or 
downwards.

4.2.3.1 Perceptual task

Subjects began in the same starting position on each trial, holding a 20mm plastic 
square with their index finger on the far edge and thumb on the near edge. The 
starting square was positioned 90mm from the edge of the table on the subject’s 
saggital plane. Lights were dimmed but consistent throughout. Subjects began 
with their eyes closed and a stimulus was placed on the stand in front of them. 
They were instructed to open their eyes, given approximately 2 seconds viewing 
time, and then instructed to, “estimate the top” or, “estimate the bottom.” Their 
task was to open their index finger and thumb to match the distance between the 
two pegs defining the section they were instructed to estimate. Subjects indicated 
when they were happy with their estimate, held this position, and the computer 
recorded the positions of their fingers for 1.5 seconds.

4.2.3.2 Visuomotor task

The experimental setup for the visuomotor task was identical to the setup for 
the perceptual task. After the 2 seconds viewing time, subjects were instructed 
to, “grasp the top” or, “grasp the bottom.” They then reached out and picked 
up the stimulus by the top or bottom two pegs respectively. Positions of the 
fingers were recorded from before the instruction to move was given, until after 
the stimulus was removed from the stand.
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4.2.3.3 Pen and paper measure

At the end of the main part of the experiment, subjects were given versions of the 
arrow and control figures on paper, and were asked to mark the midpoint of the 
vertical line. Each stimulus (control, upward-pointing arrow, downward-pointing 
arrow) was presented twice in random order.

4.3 Results

4.3.1 Choice o f illusion figure

Subjects’ verbal same/different judgements of the illusion figures enabled calcula
tion of the size of the figure which produced judgements of perceptual equivalence 
for each subject. Averaged across the 10 subjects, subjects judged the centre peg 
to be at the midpoint when it was 74.4mm from the point and 65.6mm from the 
tail end of the shaft. The figure most commonly judged to be bisected had a 
centre peg placed 74mm from the peg at the point and 66mm from the peg at 
the tail.

4.3.2 Grasping and estimation trials

Separate analyses were carried out for the grasping and estimation data. Each 
subject performed each combination of stimulus presentation, orientation and 
target 4 times for each task. These were averaged for each subject^.

4.3.2.1 Estimation condition

Data were recorded for 1.5 seconds, and coordinates from the two markers were 
transformed into a measure of the aperture between the fingers (the separation 
between the x, y and z coordinates of the markers on the thumb and index 
finger). This resulted in 75 measurements of the subject’s manual estimation on 
each trial. From this, the mean was found for the 50 consecutive measurements

^See Appendix A for full tables of mean data and ANOVA summary tables
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(i.e. 1 second) with the smallest range and standard deviation. If the range 
exceeded 3mm, the range of a smaller number of consecutive frames was taken, 
to a minimum of 30 frames, or 0.58 seconds.

Top B o tto m
C on tro l 89.21(±3.53) 85.12(±3.14)

U p D ow n
P o in t Tail P o in t Tail

R eal M id p o in t 76.92
(±3.47)

92.98
(±3.65)

80.39
(±3.44)

95.48
(±4.41)

P e rc e p tu a l M id p o in t 84.97
(±3.22)

86.14
(±3.52)

84.14
(±3.40)

86.65
(±3.56)

Table J-T- Mean ( i  standard error) aperture (mm) in manual estimation

Table 4.1 shows mean aperture and standard error for each stimulus configura
tion in the estimation condition. Figure 4 represents the means graphically. A 
2x2x2 ANOVA with stimulus (real midpoint/ perceptual midpoint), target (point 
section/tail section) and orientation (up/down) as factors was performed on the 
manual estimation data for the Judd figures.

There was a significant main effect of target (F (l,9 ) =  17.114, p<0.01). As 
figure 4.3 indicates, this was due to subjects making bigger estimates of the tail 
end than the point end of the stimulus with a peg at the real centre (where 
both sections were physically identical in size). The significant stimulus x target 
interaction (F (l,9 ) =  32.606, p<0.01) indicated tha t estimates to the two target 
sections showed a different pattern for the two stimuli. As can be seen from 
figure 4.3, this was due to the fact tha t estimates to the two sections of the 
perceptual midpoint stimulus did not differ, while estimates to the tail section 
of the real midpoint stimulus were bigger than those to the point. This effect 
occurred irrespective of the orientation of the stimulus, as is shown by the lack 
of a significant effect of orientation, target x orientation or stimulus x target x 
orientation interactions. These data demonstrate consistency between the manual 
estimation and preliminary size judgement tasks. They also show the standard 
illusion effect operating on manual judgement.
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Figure 4-3: Mean aperture (± standard envr) in manual estimation

4.3.2.2 Grasping condition

Data were recorded for each trial from just before the subject began to move 
until after the stimulus had been picked up and removed from the stand, x, y 
and z coordinates from each separate marker were transformed into a measure 
of the aperture between the fingers. This was cropped so that the data stored 
for each grasping trial began at the initiation of movement and ended when the 
stimulus was grasped. The resultant velocity of the index finger marker was also 
calculated.

Figure 4.4 shows a representative grasp and velocity profile before and after crop
ping. This also shows the typical aperture profile, the fingers initially stable at 
the starting position, then opening gradually to a maximum achieved just after 
maximum velocity and then closing in and levelling off as the object is reached. 
The maximum aperture was extracted from each trial to be used in the analysis. 
As figure 4.4 indicates, aperture at the end of the movement remains larger than 
target size. This is the result of two factors. Firstly, the reflective markers were 
positioned at the corner of the nail on the index finger and thumb, however the
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Figure 4-4- Representative grip aperture and velocity profiles for one subject (a) 
before and (b) after cropping

subject grasped the pegs using the inner surface of the fingers. Secondonly, the 
size of the target was measured from the centres of two pegs (in this case 70mm). 
However, the subject grasped the two pegs around their outermost edges, so the 
actual target grasped was approximately 75mm.

Table 4.2 shows mean maximum aperture and standard error for each stimulus 
configuration in the grasping condition. These are illustrated graphically in figure
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Top B o tto m
C ontro l 95.86(±1.21) 96.00(±1.31)

U p Down
P oin t Tail P o in t Tail

R eal M idpo in t 91.90 98.56 93.06 94.69
(±1.33) (±1.75) (±1.48) (±1.87)

P e rcep tu a l M idpo in t 94.36 91.98 95.74 91.00
(±1.14) (±2.33) (±1.19) (±1.60)

Table 4-2: Mean (Jz standard error) maximum aperture (mm) in grasping

4.5. A 2x2x2 ANOVA with factors stimulus (real midpoint/ perceptual midpoint), 
target (point section/tail section) and orientation (up/down) was performed on 
the maximum aperture data.
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Figure 4-5: Mean maximum aperture (Ji standard error) in grasping

There was a significant main effect of stimulus (F (l,9) =  7.875, p<0.05), due to 
grasps towards the real midpoint stimulus being greater overall than those to the 
perceptual midpoint stimulus. A significant stimulus x target interaction (T(l,9) 
=  27.909, p<0.01) indicated that grasps to the point and tail section differed 
depending on whether the stimulus had a real or perceptual midpoint. The 
significant target x orientation interaction (F(l,9) =  6.410, p<0.05) showed that
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overall grasps to the point and tail section differed depending on the orientation 
of the stimulus. As the target size is different depending on the stimulus in 
question, this interaction is not of much interest.

From figure 4.5, it can be seen that grasp size did not follow either the real 
dimensions or illusory dimensions in any straightforward way. The main effect 
of stimulus and the stimulus x target interaction indicated that grasp size was 
affected by stimulus type, albeit in a complex way and to a relatively small degree. 
For the real midpoint stimulus at least, there appears to be a stronger illusion 
effect when the stimulus points upwards and this may account for the significant 
stimulus X target interaction. To investigate this further, a series of 4 ^-tests were 
performed. A Bonferroni procedure was used to correct for multiple comparisons, 
with a corrected a  level of 0.0125. tests were performed on measurements for 
the point section versus the tail section for each stimulus and orientation. If the 
illusion has an effect, the comparison should be significant for the real midpoint 
stimulus but not for the perceptual midpoint stimulus. For upward pointing 
stimuli, this is what was found. Subjects opened their grip less wide for the point 
than the tail end of the real midpoint stimulus {t{9)  =  -5.689, p<0.0125), whereas 
the t- te s t  for the perceptual midpoint stimulus indicated tha t grasps towards the 
two sections did not differ. However, downward pointing stimuli showed the 
opposite result. Here subjects opened their grip wider for the point end than the 
tail end of the perceptual midpoint stimulus {t{9) = 5.093, p<0.0125), but their 
grip aperture did not significantly differ when grasping the two sections of the 
real midpoint stimulus.

There are two possible reasons for this orientation difference in illusion effect. 
One is that the illusion is stronger when the arrow points upwards. However, 
it could also be due to a bias in grasping. This can be tested using the data 
from the control stimulus without arrowheads. The data for the control figure 
was entered into a 2 (task: grasping vs. estimation) x 2 (target: top section vs. 
bottom  section) ANOVA. There was a significant effect of task only (F (l,9 ) =  
6.111, p<0.05), indicating that, as expected, maximum aperture was larger than 
manual estimation. However, there was no difference between grasps or estimates 
towards the top and bottom sections of the control (see figure 4.6 below).
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Figure J.6: Mean (Jz standard error) aperture and maximum aperture in 
estimation and grasping for the control figure

To investigate whether grasps were equivalent when grasping the top or bottom 
section of the arrow figure, these data were transformed and a 2 (stimulus: real 
midpoint vs. perceptual midpoint) x 2 (target: point vs. tail) x 2 (position: top 
vs. bottom) ANOVA was performed. The mean values are represented in figure 
4.7.

As figure 4.7 shows, every stimulus and target combination elicited a larger max
imum aperture when the target was in the bottom section of the stimulus. In 
other words, bigger grasps were made to the point when the arrow pointed down 
(i.e. point at the bottom) rather than up, and to the tail when the arrow pointed 
up rather than down. This was statistically significant (F (l,9) =  6.410, p<0.05).

4.3.3 Illusion size

In order to look at the actual size of the illusion in the two tasks, the values for 
the point were expressed as percentages of the values for the tail. This meant that 
if estimates or grasps to the point and tail of a stimulus were equal, the result 
would be close to 100%. If an illusion effect occurs, values for the real midpoint 
stimulus should be less than 100% (because the point is perceived to be smaller
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Figure J .l: Mean (±. standard error) maximum grip aperture to top and bottom 
sections of stimuli

than the tail) and values for the perceptual midpoint stimulus should be close to 
100%. Figure 4.8 shows this data graphically for estimation and grasping. The 
significant differences indicated on the chart refer to the results of the (-tests on 
point-tail pairs.

As can be seen from hgure 4.8, the deviation of the ratio of point to tail from 
100% is greater for perceptual size estimates than for maximum aperture when 
grasping. For estimation, the ratio of point to tail deviated from 100% for the real 
stimulus, in accordance with the illusion effect. For grasping, the ratio deviated 
from 100% for the real midpoint stimulus when pointing upwards, in accordance 
with the illusion effect, but for the perceptual midpoint stimulus when pointing 
downwards, in accordance with the real dimensions of the stimulus. The minimum 
deviation of estimates from 100% was more than twice the maximum deviation 
of grasps from 100%.
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Figure 4-8: Mean values expressed as percentage of point to tail for (a) manual 
estimation and (b) grasping

4.3.4 Pen and paper measures

A further perceptual estimate of the illusion was found by measuring where sub
jects marked the midpoint on line drawings of the stimuli. Mean distances of 
the marked bisectors from each end of the stimulus are shown in table 4.3. As 
subjects placed the bisector of the control figure on average 3mm towards the 
top end from the actual bisector, the data for the arrow figures was adjusted 
accordingly, by adding 3mm to the top section and subtracting 3mm from the 
bottom section. As can be seen from table 4.3, and from the graphs in figure 4.9, 
this resulted in very clear illusion effects of equivalent magnitude for upward and 
downward pointing stimuli.
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O riginal D a ta A d ju sted  D a ta
Top B o tto m Top B o tto m

C ontro l 67(±0.84) 73(±0.84) 70 (±0.84) 70 (±0.84)
P oin t Tail P o in t Tail

U pw ard arrow 75.6(±0.94) 64.4(±0.94) 78.6(±0.94) 61.4(±0.94)
D ow nw ard arrow 81.25(±1.13) 58.75(±1.78) 78.26(±1.13) 61.75(±1.78)

Table 4-3: Mean (± standard error) distance (mm) of original and adjusted 
bisector mark from each end of the stimulus

■  Point section (top in control)
■  Tail section (bottom in control) 

—  — Position o f  actual bisector

Contol ContolUpwards
Arrow

Downwards
Arrow

Upwards
Arrow

Downwards
Arrow

Figure 4-9: Mean (± standard error) estimation of bisector of line drawings, 
expressed as length from point and length from tail end of shaft, (a) Means 
before adjustment; (b) means after adjustment.

4.4 Discussion

Considering previous work which concluded that the Miiller-Lyer and Judd il
lusions distort extent rather than position (Post and Welch, 1996), this study 
aimed to investigate whether a visuomotor response which involved analysing 
extent would show a bias of equivalent magnitude to a perceptual response. In 
addition, the proposed dissociation between action and perception in their sus
ceptibility to visual illusions was investigated using the Judd illusion, which is 
less open to the criticism that attentional demands differ between the two tasks 
(Pavani et ai, 1999) than illusions using two arrays of stimuli.
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The results showed a clear and large effect of the Judd illusion on perception 
as measured using a manual size judgement task. This occurred regardless of 
orientation, and was of similar magnitude in both orientations. Subjects opened 
their grip wider when estimating the point section than the tail section of a Judd 
figure with a peg located at the midpoint of the shaft, despite the fact that the 
two sections were physically identical in size. Conversely, they made estimates of 
equal magnitude to the point and tail sections of a Judd figure with a centre peg 
displaced towards the tail end. This confirmed the strong effect of this illusion on 
perception, and was consistent with subjects’ subjective reports of the appearance 
of the illusion.

The data from visually guided action were more complex. The results indicated 
that there was an effect of illusion on grasp, but only when the arrow figure 
pointed upwards. When the figure pointed downwards, maximum apertures dur
ing grasping were in accordance with the physical attributes of the stimuli. It 
should be pointed out tha t even when an illusion effect was found, the actual 
differences in maximum aperture were very small. When the data were converted 
into ratios of point to tail measures for both grasping and estimation, the illusion 
size can be seen to be much smaller for grasping. Thus the Judd illusion does 
dissociate perceptual judgement and visually guided action when both response 
measures relate to  the extent of sections of the figure.

4.4.1 Maximum aperture as a measure of grip calibration

Maximum in-flight grip aperture has been shown to be a good measure of grip- 
scaling for object size (Jeannerod, 1997). Experiment 2 investigated the scaling 
of grip when picking up or manually estimating the size of objects (see Chapter 
5). Maximum grip aperture was scaled to the diameter of the disks, and was 
calculated to increase by 0.795mm per 1mm increase in object size. In this study, 
subjects judged the centre peg to be at the midpoint when it was 74.4mm from the 
point and 65.6mm from the tail (averaged across all 10 subjects). According to 
Experiment 2, a 1mm increase in object size results in a 0.795mm increase in grip 
aperture. An 8.8mm difference in object size should therefore result in a 6.996mm 
difference in grip size. The pairs of grasps which were significantly different were 
those to the point and tail sections of the real midpoint, upward pointing stimulus
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and the perceptual midpoint, downward pointing stimulus. Grasps to the former 
differed by 6.001mm, to the latter by 4.912mm. The difference in size between 
the two sections was real in the case of the perceptual midpoint stimulus and 
illusory in the case of the real midpoint stimulus, but the differences in maximum 
aperture were close to the predicted value for this difference in actual object size.

The stimuli used in this experiment were quite large; the largest extent that a 
subject grasped could be 76mm. However, Experiment 2 also eliminated the 
possible argument tha t there is a ceiling effect working here. In Experiment 2 
objects up to 80mm in diameter were used, yet the function relating grip aperture 
to object size did not level off (see figure 5.2). There must be a ceiling to maximum 
grip aperture, but it is not likely to be affecting the results in this particular study.

4.4.2 Is the Judd illusion smaller when the arrow points 
down?

Although the results for the estimation condition indicated that subjects experi
enced a perceptual illusory effect of equivalent magnitude when the Judd figure 
was pointing upwards and downwards, the results for grasping suggested that 
the illusion effect may be smaller when the arrow points downwards. An effect 
of the illusion on action was only found if the arrow pointed up. However, the 
alternative suggestion is that there is a bias in grasping towards one section of 
the stimulus. While the data for the control stimuli suggested that there was no 
difference between either estimates or grasps to the two sections of the stimulus, 
data on grasping towards the illusion figures suggested that such a difference did 
exist. Subjects opened their grip wider when grasping the bottom section of the 
stimulus, whether this was the point or tail section. It is not clear why this 
bias should occur for the arrow stimuli, although it may be partly due to the 
placement of stimuli on an inclined stand, biasing grip scaling to be larger when 
grasping the bottom  (closer) section of the stimulus. For control stimuli it may 
have been clearer to subjects that the two sections of the stimulus were identical 
in size, so the bias was not seen. It is interesting to note that an alternative 
perceptual measure of the illusion, marking the bisector on line drawings of the 
stimuli, did show an upper/lower field bias, for the control as well as the illusory 
stimuli. When the data were adjusted to take this bias into account, there was an
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identical illusion effect on upward and downward pointing stimuli. In summary, 
it seems that there is no differential illusion effect on grasping with orientation, 
but there are biases on the upper versus lower part of the figure. This is not a 
grasp bias per se, as it was not seen in the control stimulus, and it may appear 
in some types of perceptual measure (the pen and paper judgements).

4.4.3 Effect of upper/lower field bias on illusion effect

Such a bias towards making larger grasps to the bottom than the top part of 
the stimulus would interfere with the apparent illusion effect. When the stimulus 
pointed downwards the point end was at the bottom. According to the illusion, 
the point section is perceived to be smaller than the tail. The upper/lower bias 
may have masked an illusion effect when the arrow pointed down, increasing 
grasps to the point of the real midpoint stimulus so they were more similar to 
those to the tail. For the perceptual midpoint stimulus, grasps to the point 
section, which was perceptually identical to the tail section, would be increased 
so that grasps to the point were bigger than grasps to the tail. On the other 
hand, for upward pointing stimuli the opposite would occur. The tail section of 
the stimulus would be increased, and this could result in an apparent illusion 
effect, making grasps to the tail section of the real midpoint stimulus bigger than 
those to the point, and making grasps to the physically smaller tail section of the 
perceptual midpoint stimulus equivalent to the point section.

It is not possible to determine whether the illusion effect in upward pointing 
stimuli was an artefact of an upper/lower field bias, or whether the bias masked 
a small illusion effect in downward pointing stimuli. However, it is apparent that 
the illusion effect on action, if it was present at all, was small in comparison to 
the effect on manual estimation.

4.4.4 Evidence for action/perception dissociation

The results of this experiment provide support for the proposal that pictorial 
illusions differentially affect perception and action, and provide further evidence 
from normal subjects that the visual mechanisms underlying perception are dis
tinct from those underlying action. Despite the presence of an illusion which
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had a substantial effect on subjective perception, as measured by both manual 
estimation and line bisection, grip aperture was influenced little, if at all. Most 
visual illusions are assumed to occur because the elements of the display are coded 
in relation to each other, and the context in which the target is placed distorts 
perception. The dorsal visuomotor system, which is hypothesised to process the 
visual image in egocentric coordinates, is affected much less by an illusion which 
depends on the relationships between objects. A small effect of illusion on action 
suggests that the visuomotor system also receives some form of relatively coded 
information which influences its primarily egocentric representations. Indeed, it 
has been suggested that the important distinction between the ventral and dorsal 
streams is not their function, but rather the type of coding which they perform. 
In the case of visual perception this is usually relative, and in the case of visually 
controlled action it is usually egocentric. However, an action may be set up which 
requires relative coding, and in this situation the ventral stream may be used to 
drive action. This was supported by experiments on patient D.F., who was im
paired at performing actions which required relative coding (Dijkerman et a/., 
1998), and by illusion experiments with non brain-damaged subjects (Vishton 
et al, 1999).

These data do not support the finding tha t the Judd illusion exerts an effect 
on open-loop grasping but not on closed-loop grasping (Mon-Williams and Bull, 
2000). In this study, subjects made natural grasps towards the stimuli, but were 
prevented from viewing their hand during the majority of the transport phase 
of the movement. It therefore seems likely tha t the difference in illusion effect 
between closed- and open-loop grasping found by Mon-Williams and Bull (2000) 
was the result of some other difference between the tasks. In Mon-Williams and 
Bull’s open-loop grasping condition, the illusion effect may have occurred because 
the movement was not a very natural one, or because subjects did not have to 
actually grasp the bar. It is possible tha t subjects attempted to judge the best 
position to grasp the bar in order to hold it in balance when grasping under 
closed-loop conditions, but did not do this under open-loop conditions because 
they were not actually required to grasp the bar.

129



4. Experiment 1 -  Perceptual Judgement and Grasping to the Judd Illusion

4.4.5 Position vs. extent or action vs. perception?

This study supports the hypothesis that dissociations between perceptual re
sponses and pointing seen using the Judd illusion may be the result of a dissoci
ation between perception and action rather than a dissociation between position 
and extent. Post and Welch (1996) argued that subjects were accurate at pointing 
to the marked bisector of the Judd illusion because the Judd illusion is a disso
ciation of extent rather than position. According to their account, this explains 
the dissociation between pointing and perceptual estimates of the position of the 
bisector. If this is the case, then grasping the section of the Judd illusion above or 
below the marked bisector would be expected to show equivalent illusion effects 
as a perceptual measure, since grasping a section involves an analysis of extent. 
It is clear from this study that grasp does not show an equivalent illusion effect 
to manual estimation. However, although these results indicate that previous 
findings may be explained by a perception-action dissociation, they do not rule 
out the possibility tha t position and extent information are differentially affected 
by the illusion.

4.4.6 Attentional biases

The Judd illusion was hypothesised to introduce less of an attentional bias than 
other illusions such as the Titchener Circles or Miiller-Lyer illusions, which often 
involve displaying two separate versions of the figures. The Judd illusion consists 
of a single figure, and it is therefore less likely tha t subjects can focus solely on 
the target and ignore the context in the grasping condition. Pavani et al. (1999) 
found a small effect of illusion on both action and perception when using only 
one array of the Titchener Circles illusion suggesting that the immediate context 
cannot be ignored, even in a visuomotor task. The current study showed a strong 
effect of the illusion on manual size judgement, but only a very small effect (if 
any) on grasp, indicating that equating the attentional demands between the two 
tasks did not equate the illusion effect.
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4.4.7 Conclusions

In conclusion, this study provided evidence that the Judd illusion does not in
fluence perception and action to the same degree. Manual size estimation was 
more susceptible to the illusion than grasping, supporting the idea tha t different 
distinct mechanisms underlie these two visual functions. Furthermore, the dis
sociation seen in this study using a visuomotor response which involves analysis 
of extent indicates that differences found in previous studies may have reflected 
dissociations between responses rather than simply between position and extent 
in the Judd illusion.

A methodological issue arising from this, and previous studies comparing max
imum grip aperture and manual estimation, concerns the relationship between 
these response measures and object size. Most studies have, either explicitly or 
implicitly, compared the size of the illusion effect found in each response, and 
equated this to a comparison of the size of the illusion effect on action and per
ception. However, if maximum aperture does not vary with object size in the 
same way as manual estimation, it may not be sensible to compare the illusion 
size found in the two measures without applying some calibration to the raw data. 
The next chapter aimed to clarify this issue by investigating these relationships 
using a wide range of object sizes.
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Manual Estimation and 
Grasping

5.1 Introduction

The purpose of this experiment was to investigate the relationship between grip- 
scaling and object size, in both maximum in-flight aperture during grasping, and 
in manual estimation. Manual estimation has now been used extensively in ex
periments attempting to study dissociations between perceptual judgement and 
action. HafFenden and Goodale (1998) first used this measure in an illusion study, 
claiming that in manual estimation subjects provide a manual ‘read-out’ of what 
they perceive. In this way they suggested that manual estimation does not in
volve the same control systems as grasping, yet is a continuous measure which 
can be in some way directly compared to measures of accuracy in grasping.

However, while the relationship between grip size and object size has been re
ported for grasping, it has not been reported for manual estimation. Maximum 
in-flight aperture has been shown by several authors to co-vary accurately with 
object size (Jeannerod, 1984; Wing, Turton and Fraser, 1986; Wallace and Weeks, 
1988). Marteniuk, Leavitt, MacKenzie and Athenes (1990) reported that for a 
10mm increase in object size, maximum grip aperture increases by 7.7mm.

However, it is not yet clear how directly maximum grip aperture and manual 
estimation can be compared. While manual estimation does increase as object 
size increases, the exact nature of this relationship has yet to be established. 
If grip aperture in estimation tends to increase by, for example, 15mm with 
every 10mm increase in object size, rather than 7.7mm, as found by Marteniuk 
et al. (1990) for maximum grip aperture, this could have implications for studies
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comparing the size of illusion in these two conditions. This particular example 
would lead to an illusion effect on manual estimation being considered greater 
than the same illusion effect on grasping. For example, if an illusory context 
led to one object being perceived as 2mm larger than another, this illusory size 
increase would result in a 3mm increase in manual estimation, but only a 1.54mm 
increase in maximum aperture during grasping. We might therefore conclude in 
this hypothetical example that the illusion effect on manual estimation is almost 
twice tha t on grasping. However, this would simply be the result of the different 
relationship between object size and grip size in grasping and estimation; in fact, 
the illusion effect is identical in size in both cases.

It is therefore very important to establish the relationship between object size and 
grip size in manual estimation, and to compare this with the same relationship in 
grasping. If the relationship is found to be the same in both tasks then the direct 
comparison of illusion sizes in grasping and manual estimation will be justified. If 
the relationship is shown to be different, it will be necessary to adjust the absolute 
differences in grip size found in studies which compare these two conditions. 
In particular, this may provide an alternative explanation for the finding that 
grasping tends to show smaller illusion effects than manual estimation.

This study investigated gripscaling and estimation to a wide range of thin plastic 
disks, such as those used in studies of grasping to the Titchener Circles illusion. 
The aim was to demonstrate that finger-thumb aperture is accurately scaled to 
object size in both grasping and estimation, and to investigate the relationship 
between grip size and object size in these two conditions.

5.2 Method

5.2.1 Design

This was a repeated measures design, each subject performing both grasping 
and manual estimation conditions. Each subject performed a total of 88 trials, 
in 4 blocks of 22 randomly ordered trials each, 2 blocks consisting of grasping 
trials and 2 consisting of manual estimation trials. Within each block subjects
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performed 2 trials for each stimulus size. The order of presentation of the blocks 
was counterbalanced using an ABBA design.

5.2.2 Subjects

Subjects were 15 volunteers, all of whom were undergraduate or postgraduate 
students at the University of London. Of these, 1 subject’s stereoacuity fell below 
the required criterion (120 sec of arc), and data from 2 subjects were incomplete 
and were discarded. The subject who failed to meet the stereoacuity criterion 
completed the experiment, but the data were not further analysed for the purpose 
of this thesis. Data were analysed from 12 subjects, 2 male and 10 female. All had 
normal or corrected-to-normal vision and stereoacuity within the normal range, 
as measured by the TNG test for stereoscopic vision. The mean age was 26.5 
years (range 20 - 38 years). Subjects were paid for their time and were fully 
debriefed at the end of the experiment.

5.2.3 Apparatus and Materials

5.2.3.1 Stimuli

Stimuli were 11 disks with diameters ranging between 30mm and 80mm in incre
ments of 5mm. The disks were made out of 3mm thick white plastic with a thin 
black line drawn around the circumference of the top surface.

5.2.3.2 Open-loop procedure

In order to control the timing of the lights so that reaching was open-loop, a lamp 
was used which was operated by pressing a button. Subjects began each trial with 
their hand on this button. As soon as the subject moved his/her hand to begin 
a reach or an estimation the lights were extinguished, so trials were performed in 
the dark with no visual feedback of the target or hand.
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(a) Two infrared cameras tracked the
positions of the reflective markers at
tached to subjects’ fingers and relayed 
this information to the computer

(b) Illustration of marker positioning

Figure 5.1: Experimental setup

5.2.4 Procedure

Subjects sat at the table on which the stimuli were to be presented. A lamp was 
positioned on the table so that the light shone directly down onto the stimulus, 
and the button controlling the lamp was positioned 60mm from the edge of the 
table in front of the subject. The reflective markers to be tracked by the ELITE 
system were attached to the subject’s flngers as described in the previous Chapter 
(see section 4.2.2.2). The sampling rate was 50Hz, and the resolution of the 
system was 0.43mm, calculated by the method described in section 3.1.4 (see 
figure 5.1).

Subjects began each trial with the heel of their hand resting on the button, and 
held a starting disk between index finger and thumb. The starting disk was 17mm 
in diameter, and was fixed to the table, 180mm from the edge nearest the subject, 
on the subject’s sagittal plane. The subject was instructed to hold the disk in a 
comfortable position. For most subjects this was with the index finger at the top 
and the thumb at the bottom of the disk, at approximately the one and seven 
o’clock positions.
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G rasping condition
Subjects began each trial with their eyes closed, and their hand on the button, so 
tha t the lights were on. A disk was placed with its centre on a cross positioned 
270mm from the centre of the starting disk. The subject was instructed to open 
his/her eyes, given 2 seconds viewing time, and then given the verbal cue, “go” . 
The subject’s task was to reach out and grasp the disk as if s/he was going to pick 
it up with the index finger and thumb. They were, however, instructed to remain 
in this position, and not to actually pick up the disk. Subjects were told to grasp 
the disk naturally, placing their finger and thumb in whatever positions were most 
comfortable. For most subjects these were the one and seven o’clock positions for 
the index finger and thumb respectively. As subjects began to reach, the button 
was released, so the entire movement was performed in darkness. Positions of the 
fingers were recorded for 3 seconds, beginning from just before the instruction to 
move was given.

M anual estim ation  condition
The experimental setup and procedure for the manual estimation condition was 
identical to the grasping condition, except that on the verbal cue, “go” , the sub
ject was required to lift his/her hand and open the index finger and thumb to 
match the diameter of the stimulus, and then hold this estimate until the com
puter finished recording. The subject was told that s/he was not to reach towards 
the disk, but simply to lift the hand up a few centimetres. This meant that, as 
in the grasping condition, the lights were extinguished as soon as the subject be
gan to make his/her estimate, and the estimation was performed without visual 
feedback of the hand or the stimulus. Positions of the fingers were recorded for 
3.5 seconds, beginning from just before the instruction to make the estimate was 
given.
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5.3 Results

5.3.1 Data collection and manipulation

Each subject performed 4 grasps and 4 estimates for each stimulus size. These 
were averaged for each subject.

5.3.1.1 Estimation condition

Data were recorded for 3.5 seconds in each manual estimation trial, and coordi
nates from the two markers were transformed into a measurement of the aperture 
between the fingers (separation between the x, y and z coordinates of the mark
ers on the thumb and index finger). This resulted in 175 measurements of the 
subject’s manual estimation on each trial. The first 50 recordings (i.e. the first 
second) of the movement were discarded, as during this part of the recording sub
jects moved their fingers from the starting position to form their estimate. From 
the remaining 125 recordings, the mean aperture was found for the 50 consecutive 
measurements (i.e. 1 second) with the smallest range and standard deviation. If 
the range exceeded 3mm, the range of a smaller number of consecutive frames 
was taken, to a minimum of 30 frames, or 0.58 seconds.

5.3.1.2 Grasping condition

D ata were recorded for 3 seconds in each grasping trial. Coordinates from each 
separate marker were transformed into a measurement of the aperture between 
the fingers. The maximum aperture was extracted from each trial to be used in 
the analysis.

Table 5.1 shows the mean manual estimation and maximum aperture for each 
stimulus size. As can be seen from the table, and from the same data represented 
graphically in figure 5.2, maximum aperture was bigger than manual estimation at 
every object size. However, in both tasks finger-thumb separation increased with 
object size, and the slope of the lines in figure 5.2 look very similar, suggesting
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G rasp E s tim a tio n
M ean SE M ean SE

30m m 60.52 2.20 43.05 1.62
35m m 65.52 2.20 47.20 1.63
40m m 69.31 2.40 48.45 1.42
45m m 72.65 2.34 53.60 Z26
50m m 77.30 2.08 58J6 226
55m m 82.75 2.51 62.54 2.75
60m m 8&77 2.55 66.62 2.89
65m m 90.07 2.76 71.65 &39
70m m 93.02 2.06 75.32 2.99
75m m 96.90 2.57 81.09 3.60
80m m 99.84 2.20 8&27 3.58

Table 5.1: Mean (± standard error) maximum aperture and manual estimation 
(mm) for each stimulus size

that the relationship is similar in both cases.

A 2 X 11 repeated measures ANOVA was performed on this data, with task 
(grasp/ estimation) and size as factors^. A significant effect of task ( F ( l , l l )  =  
40.561, p < 0.001) confirmed that maximum aperture in grasping was greater than 
aperture in manual estimation. This was obviously predicted, since in grasping a 
maximum  aperture was measured during the reach towards the object, whereas 
for estimation subjects tried to match the actual size of the object. There was 
also a significant effect of size (F(10,110) =  290.684, p<0.001), but no task x 
size interaction. This indicates that both maximum grip aperture and manual 
estimation increased as object size increased, and the pattern of this increase was 
similar in both conditions.

To investigate the relationship between object size and gripscaling in the two 
conditions more fully, grip size was regressed on object size in each condition. 
Figure 5.3 shows the scatterplot of maximum in-flight grip aperture in the grasp
ing condition as a function of object size, with the best fit line superimposed. 
The linear regression model was significant (F(l,130) =  331.142, p<0.001), with

^See Appendix B for full tables of mean data and ANOVA summary tables
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Figure 5.2: Mean (zL standard error) maximum grasp aperture and manual 
estimation (mm) for each object size

an value of 0.718. This gave an equation for the best fit line of:

^ = 0.795a; +  37.582

The slope of the line indicates that for every unit increase of x, the corresponding 
increase in y was 0.795. In other words, a 1mm increase in object size resulted 
in a 0.795mm increase in maximum aperture during grasping. This is very close 
to the 7.7mm increase in aperture for 10mm increase in object size reported by 
Marteniuk et al. (1990).
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Figure 5.3: Scatterplot (with regression line) of maximum grip aperture in 
grasping as a function of object size

At some point subjects will no longer be able to open their grip wider as object 
size increases, and the slope will level off. To test whether this is occurring here, 
the data were tested for a quadratic component to the relationship. A quadratic 
component would indicate that the relationship was curvilinear, and that a ceiling 
had been reached. The quadratic model was not significant, indicating that for 
the range of object sizes used in the current experiment, no ceiling was reached 
in maximum grip aperture.

Figure 5.4 shows the scatterplot of manual estimation as a function of object 
size, with the best fit line superimposed. Again, the linear regression model 
was significant (F(l,130) = 301.652, p<0.001) with an value of 0.699. The 
equation for the best fit line was given as:

y = 0.866a; +  15.517

Obviously the intercept value was smaller, as aperture in manual estimation was 
smaller than maximum aperture during grasping (see figure 5.2). However, the 
slope was similar, indicating that for a 1mm increase in object size, manual 
estimation increased by 0.866mm. Again there was no significant quadratic com
ponent to the relationship.
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Figure 5.4- Scatterplot (with regression line) of manual estimation as a function 
of object size

Although there was no quadratic component in either the grasping or estimation 
data, it should be noted that the linear relationship can only be assumed to 
hold for the object sizes tested in this experiment. At some maximum object 
size, the curve will level off, as subjects will not be able to open their hand 
any wider. The equations for the best fit lines would suggest that for an object 
size of 0mm, manual estimation would be 15.517mm, and maximum aperture 
during grasping would be 37.582mm. This can be at least partly explained by the 
measuring apparatus; the reflective markers from which the aperture is measured 
are positioned on the corners of the nails of the index finger and thumb, so a 
separation between them will be recorded even if the finger and thumb are held 
together. The linear relationships between manual estimation and object size 
and between maximum grip aperture and object size may continue for very small 
object sizes. For even very small objects, the fingers will open wider than the 
object during grasping. However, it is possible that for one or both of the tasks, 
the relationship between the task and object size will change when the object 
becomes very small, perhaps curving more steeply as object size approaches zero.
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5.4 Discussion

The results for this experiment replicated those found by Marteniuk et al. (1990) 
for the relationship between object size and gripscaling in grasping towards an 
object. In addition, it has also been shown that manual estimation increases with 
an increase in object size at the same rate as that found for maximum aperture 
during grasping.

Marteniuk et al. (1990) reported that for a 10mm increase in object size, maxi
mum grip aperture increases by 7.7mm. In the current study, a 10mm increase in 
object size resulted in an increase in maximum in-flight aperture during grasping 
of 7.95mm, and an increase in manual estimation of 8.66mm. These did not differ 
significantly from each other.

This study was an important evaluation of the procedures commonly used in 
recent studies investigating the dissociation between perception and action. It 
could be argued that a different relationship between object size and grip size for 
these two measurements would seriously undermine studies which have directly 
compared the two. In fact, since the relationship between object size and grip 
size has been shown to be similar for both measures, it can be concluded that 
differences in illusion size found were not the result of a methodological artefact 
in comparing the two measurements.

It should be noted, however, that there will be differences between the two mea
sures. Since maximum aperture during grasping is a measure of the opening of 
the hand before reaching the object, and manual estimation is a measure of the 
subject’s perception of the actual size of the object, obviously there will be dif
ferences in magnitude; maximum in-flight aperture will always be bigger than 
manual estimation of the same object. Although a wide range of object sizes was 
used in this study, ranging from 30mm to 80mm in diameter, no ceiling effects 
were seen. Obviously at some upper limit of object size the plot of aperture 
against size will level off, for both maximum aperture and manual estimation. 
Beyond some maximum object size, it will be impossible for a person to open 
their grip any further. This would be expected to occur at a smaller object size 
for grasping than for estimation, as maximum aperture during grasping is always
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bigger than manual estimation. The largest object sizes used in this study were 
not large enough for this levelling off to be seen, so an evaluation of the approxi
mate point at which this occurs for the two measures cannot be made. However, 
most investigations of grasping have used objects which were smaller than 80mm, 
and the remaining experiments described in this thesis used a maximum object 
size of 50mm. It can therefore be assumed that the relationship between object 
size and grip size shows similar patterns for grasping and manual estimations, 
and ceiling effects are not a problem.

The results of the present study suggest that it is valid to assume that, for ex
ample, a 2mm increase in object size will be accompanied by the same increase 
in grip size, whether this is in manual estimation or maximum aperture during 
grasping. Therefore, a difference in the grip size found for two identically sized 
objects in a pictorial illusion array will indicate an illusion effect, whether the 
measurement is manual estimation or grasping. The size of illusion effects them
selves can therefore be validly compared^, whether they have been found in an 
estimation condition or a grasping condition.

^While the size of the illusion found in both conditions can be considered to be of the same 
magnitude, this does not mean that the conditions can be compared directly within a statistical 
test. Differences between the two types of measurements may violate certain assumptions 
made by statistical tests. For example, manual estimation tends to have greater variance than 
maximum grip aperture.
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6. Experiments 3 & 4 - Kinematics 
of Grasping to 2D and 3D 
Targets

6.1 Introduction

As was seen in Chapter 2, there is a large body of evidence to suggest that percep
tual judgement and action are not affected by pictorial illusions in precisely the 
same manner. This was supported by findings in Chapter 4, which showed that 
grasping towards the Judd illusion showed differences to perceptual judgement in 
terms of illusion effects. Both Chapters 4 and 5 identified and attempted to clar
ify some methodological issues arising from the literature reviewed in Chapter 2. 
Chapters 6 - 8  investigated further the visual information required for an action 
to be driven primarily by the dorsal stream. 2D and 3D targets were compared, in 
order to study whether action needs to be directed towards a physically present, 
‘graspable’ target.

This chapter aimed to study the kinematic differences between 2D and 3D grasp
ing, in order to investigate whether 2D grasping is more similar to pantomimed 
grasping, suggested to be based on ventral stream processing (Goodale et a/., 
1994a; Westwood et a l, 2000b), or to natural grasping to a 3D target. Grasping 
to a 2D target, such as a simple line drawn shape, is similar to grasping towards 
a 3D target in tha t it is goal-directed, but similar to pantomiming in that the 
target cannot be physically grasped.

Goodale et al (1994a) showed that patient D.F. was accurate at scaling her grip 
in natural actions, but failed when required to act on a remembered target or 
to pantomime an action beside an object. However, Milner (2000) has found 
tha t D.F. can reach accurately under a table towards an object placed on top of
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the table. These findings together suggested that D .F.’s intact dorsal visuomotor 
stream requires directed action towards a target, whether that target is graspable 
or not. The two experiments described in this chapter investigated whether the 
kinematics of 2D grasping more closely resemble pantomimed grasping or natural 
3D grasping.

Goodale et al. (1994a) investigated differences between pantomimed and natural 
grasping movements. They found that in pantomimed actions subjects continued 
to scale their hand opening for object size, but grip formation and other kine
matic variables differed significantly from normal target-directed action. This was 
true when subjects pantomimed a movement towards a target seen 2 seconds ear
lier, and when they pantomimed the movement beside the object which was still 
present. Specifically, for movements pantomimed beside an object, Goodale et al. 
(1994a) found that pantomimed movements were longer in duration, with lower 
peak velocity, higher maximum wrist height and smaller maximum aperture. In 
addition, with a 2 second delay, maximum aperture was reached proportionally 
earlier in the movement than in natural actions.

As some studies of the effects of illusions on action have used 2D displays, it is 
important to determine whether such displays elicit behaviour like 3D objects, 
or like remembered or imagined objects. Many studies using 2D displays used 
pointing as the motor response (e.g. Post and Welch, 1996; Gentilucci et ai, 
1996). As pointing involves the location of a point in space, whether that point 
is on a 3D object or on a flat 2D surface, the three-dimensionality of the target 
may not be of great significance. However, for grasping it may be very important; 
for a 2D target no object can be grasped. Vishton et al. (1999) used 2D stimuli 
in investigating grasping towards the horizontal-vertical illusion. They found 
no, or a very small illusion effect on action, which supports the idea that the 
same system is driving these actions as that driving actions to a physical object 
(e.g. Aglioti et a l, 1995). Vishton et al. (1999) did consider the question of 2D 
versus 3D stimuli; they argued that there is no evidence in previous studies that 
reach-to-grasp actions should be different to 2D or 3D stimuli. However, this has 
never been studied explicitly in terms of movement kinematics, and is usually 
just assumed to be the case. Vishton et al. (1999) reported that no subject was 
concerned that s/he could not reach for a 2D stimulus, and there was accurate.
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consistent grip scaling. However, Goodale et al. (1994a) also reported accurate 
grip scaling in pantomiming, proposed to be based on ventral stream processing.

Castiello (1996) found differences in prehensile reaching actions directed at 2D 
and 3D stimuli, for example, a 3D apple and a 2D image of that apple. However, 
the implications of this for illusion studies are uncertain. Reaching towards a 
very thin, flat object, and reaching towards a 2D version of that object does not 
require a change in the type of grip in the way that reaching towards a 2D apple 
rather than a 3D one will require a change from a whole hand grip to a precision 
grip.

Experiment 3 had three main aims. Firstly, it investigated whether an object 
needs to be real and ‘graspable’ in order for the dorsal stream to dominate in 
driving an action towards it, or whether it is sufficient that the action is target- 
directed. Secondly it attempted to provide justification for studies which have 
used grasping towards 2D images as evidence for a dissociation between the dorsal 
and ventral visual streams, such as Vishton et al. (1999), and for those which 
have used grasping actions which do not involve actually grasping the object, 
such as Mon-Williams and Bull (2000), who required their subjects to reach 
underneath the table as if to pick up the object located on top of the table. 
As Vishton et al. (1999) stated, 2D stimuli are advantageous, as there is no 
difference between conditions in terms of tactile feedback. Finally, therefore, if 
it can be demonstrated tha t grasping towards 2D targets is similar to grasping 
towards 3D objects, there will be justification for using 2D, computer-generated 
images in future studies. This would allow much greater control over the visual 
information which is presented to the subject. Certain visual information could 
be manipulated in order to provide ambiguous or contradictory cues to shape or 
depth.

In addition. Experiment 4 investigated the same kinematic measures and grasp
ing conditions in closed-loop rather than open-loop grasping. There were two 
main reasons for this; firstly to address some differences between the results of 
Experiment 3 and those found by Goodale et al. (1994a), who used a closed-loop 
procedure, and secondly to look directly at the differences between open- and 
closed-loop grasping.
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6.2 Experiment 3: Natural, 2D and pantomimed 
grasping under open-loop conditions

6.2.1 Method

6.2.1.1 Design

This was a repeated measures design, each subject performing all 3 of the natural 
3D, 2D and pantomimed conditions. Each subject performed a total of 72 trials, 
in 3 blocks of 24 randomly ordered trials each. Each block consisted of one type 
of reaching, natural 3D, 2D or pantomimed. W ithin each block subjects made 8 
reaches to each of the 3 stimulus sizes. The order of presentation of the blocks 
was counterbalanced.

6.2.1.2 Subjects

Subjects were 16 volunteers, all of whom were staff, undergraduate or postgradu
ate students at the University of London. Of these, 2 subjects’ stereoscopic vision 
fell below the required criterion (120 sec of arc). Subjects who failed to meet the 
stereoacuity criterion completed the experiment, but their data were not further 
analysed for the purpose of this thesis. Data were analysed from 14 subjects, 5 
males and 9 females. All had normal or corrected-to-normal vision and stereoacu
ity within the normal range, as measured by the TNG test for stereoscopic vision. 
The mean age was 23.29 years (range 18 - 33 years). Subjects were paid for their 
time and were fully debriefed at the end of the experiment.

6.2.1.3 Apparatus and Materials

Stim uli

N a tu ra l 3D  a n d  p a n to m im e d  co n d itio n s:  The same stimuli were used in 
the natural 3D and pantomimed conditions. Three disks with diameters of 40mm, 
45mm and 50mm were made out of 3mm thick white plastic with a thin black
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line drawn around the circumference of the top surface.

2D  co n d itio n :  In the 2D condition stimuli were circles drawn in the exact centre 
of a piece of white A4 paper in Ip t thick black lines, with diameters of 40mm, 
45mm and 50mm. The paper was presented in landscape orientation.

E lite  system : The positions of subjects’ fingers were recorded using the ELITE 
system (see figure 5.1a). The only difference to the setup in Experiments 1 and 
2 was tha t three reflective markers were used, taped to the corner of the nail on 
the index finger and thumb of the subject’s dominant hand, and to the top of the 
wrist, corresponding to the position of the radial styloid process (see figure 6.1).

6.2.1.4 Procedure

In order to control the timing of the lights so tha t reaching was open-loop, a lamp 
was used which was operated by pressing a button.

Subjects sat at the table on which the stimuli were to be presented. The lamp 
was positioned on the table so that the light would shine directly down onto the 
stimulus, and the button controlling the lamp was positioned 60mm from the 
edge of the table in front of the subject.

Figure 6.1: Illustration of marker positioning

Subjects began each trial with the heel of the hand resting on the button, and 
a starting disk held between the index finger and thumb. The starting disk was 
17mm in diameter, and was fixed to the table, 180mm from the edge nearest the
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subject, on the subject’s sagittal plane. The subject was instructed to hold the 
disk in a comfortable position. For most subjects this was with the index finger 
at the top and the thumb at the bottom of the disk.

N atural 3D grasping condition
Subjects began each trial with their eyes closed and their hand on the button, so 
the lights were on. A disk was placed with its centre on a cross 270mm from the 
centre of the starting disk. The subject was instructed to open his/her eyes, given 
2 seconds viewing time, and then given the verbal cue, “go” . The subject’s task 
was to reach out and grasp the disk as if s/he was going to pick it up with the index 
finger and thumb. They were, however, instructed to remain in this position, and 
not to actually pick up the disk. As subjects began to reach, the button was 
released, so the entire movement was performed in darkness. Positions of the 
fingers were recorded for 3 seconds, beginning from just before the instruction to 
move was given.

2D grasping condition
The experimental setup and procedure were identical to the natural 3D condition, 
except tha t the stimulus used was a circle, of one of the 3 sizes, drawn on paper. 
The paper was positioned on the table so tha t the centre of the circle was on the 
cross, as in the natural condition. On the verbal cue, “go”, subjects were required 
to reach out as i f  they were grasping a real disk. When their fingers touched the 
paper surface, they were instructed to remain in this position until the computer 
stopped recording.

Pantom im ed grasping condition
The experimental setup and procedure was identical to the other conditions, ex
cept that the stimulus was a disk with its right edge aligned with an imaginary 
line positioned parallel to, but 75mm to the left of, the midline. Subjects were 
asked to imagine tha t the object on their left was positioned at the same dis
tance but along the midline. On the verbal cue, “go” subjects were required to 
pantomime a grasping action towards the imagined object as i f  it were physically 
present.
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6.2.2 Results

6.2.2.1 Data collection and manipulation

Each subject performed 8 trials for each stimulus size in each of the 3 conditions. 
These were averaged for each subject.

Data recording began on each trial just before the subject began to move, and 
continued for 3 seconds. Coordinates from the index finger and thumb markers 
were transformed into a measure of the aperture between the fingers (separation 
between the x, y and z coordinates of the markers on the thumb and index finger). 
The measurement of x, y and z velocity of the wrist marker at each frame was 
transformed to give the resultant velocity of the wrist throughout each trial.

For each trial the point at which wrist velocity exceeded 50mm/s for 5 consecutive 
frames was calculated. The movement was considered to commence on the first of 
these 5 frames. Similarly, the point at which wrist velocity fell to under 50mm/s 
for 5 consecutive frames was calculated, and the movement was considered to 
end on the first of these 5 frames. The choice of 50mm/s as the velocity cutoff 
point was an arbitrary one; it was decided to use the same cutoff as that used 
in Goodale et a/.’s (1994a) study, so as to allow direct comparison between their 
findings and those described here.

M easures

In addition to maximum in-fiight aperture, several other measurements were 
taken in order to perform a complete analysis of the kinematics of grasping in 
each of the 3 conditions. The total movement duration was calculated as de
scribed above. The time taken to reach maximum aperture was also measured, 
both in absolute terms and as a normalised measure (the percentage of the total 
movement duration). Maximum velocity was calculated using the wrist marker, 
as was the time taken to reach maximum velocity, again both in absolute and 
normalised (percentage of total duration) terms. Maximum wrist displacement, 
maximum wrist height, and the absolute and normalised time to reach maximum 
wrist height were also calculated. These measurements included all those used
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by Goodale et al. (1994a).

For each measurement, 3x3 repeated measures ANOVAs were conducted, with 
condition (natural 3D, 2D and pantomimed grasp) and size (40mm, 45mm and 
50mm) as factors. Planned comparisons were also performed, comparing the 
grasping conditions collapsed across size^.

6.2.2.2 Maximum in-flight grip aperture

Table 6.1 shows mean (±  standard error) maximum grip aperture for each object 
size in each condition. Figure 6.2 represents this data graphically.

N a tu ra l 3D 2D P an to m im ed
40m m 68.757 (±2.350) 48.967 (±1.957) 51.195 (±2.079)
45m m 72.793 (±2.441) 52.834 (±2.361) 56.198 (±2.377)
50m m 76.930 (±2.217) 56.669 (±2.092) 63.954 (±2.832)
M ean 72.827 (±2.268) 52.823 (±2 .064) 57.116 (±2.124)

Table 6.1: Mean ( i  standard error) maximum aperture (mm) for each stimulus 
size in each condition

As can be seen from figure 6.2, maximum aperture increased with increased stim
ulus size at a similar rate in each condition. However, overall maximum aperture 
was larger in the natural 3D grasping condition than in the pantomimed or 2D 
conditions.

There was a significant main effect of condition (F(2,26) =  34.754, p<0.001) 
and a significant main effect of size (F(2,26) =  65.424, p<0.001). The lack of a 
significant condition x size interaction confirmed that the scaling of grip size to 
object size was consistent between conditions.

Figure 6.3a shows mean maximum aperture for each condition, collapsed across 
size. Planned comparisons indicated tha t maximum aperture was larger in natural 
3D grasping than in 2D grasping (f(13) =  9.186, p<0.001) and pantomimed 
grasping (((13) =  5.865, p<0.01), however, pantomimed and 2D grasping did not 
significantly differ from one another (((13) =  1.597, p = 0.134).

hSee Appendix C for full tables of mean data and ANOVA summary tables
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Figure 6.2: Mean (3z standard error) maximum grasp aperture (mm) for each 
stimulus size at each condition

6.2.2.3 Movement Duration

Table 6.2 shows mean (±  standard error) movement duration for each object 
size in each condition. There was a main effect of condition (F(2,26) =  3.503, 
p<0.05), but no effect of size and no interaction.

N a tu ra l 3D 2D P an to m im ed
40m m 0.893 (±0.043) 0.933 (±0.060) 0.971 (±0.056)
45m m 0.909 (±0.042) 0.949 (±0.064) 0.967 (±0.063)
50m m 0.898 (±0.038) 0.941 (±0.063) 0.974 (±0.056)
M ean 0.900 (±0.040) 0.941 (±0.062) 0.970 (±0.058)

Table 6.2: Mean (3i standard error) movement duration (seconds) for each 
stimulus size in each condition

Figure 6.3b shows mean movement duration in each condition collapsed across 
size. The graph shows that overall movement duration was shorter in natural 
3D grasping than in pantomimed grasping, with 2D grasping falling somewhere 
between the two. Planned comparisons showed that only natural 3D and pan
tomimed grasping differed significantly in terms of movement duration (((13) = 
-2.638, p<0.05). 2D grasping did not significantly differ from either natural (((13) 
=  -1.251, p =  0.230) or pantomimed grasping (((13) =  1.523, p = 0.152).
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6.2.2.4 Time to maximum aperture

Table 6.3 shows mean (±  standard error) absolute time to maximum grip aperture 
for each object size in each condition. There was a main effect of condition 
(F(2,26) =  23.499, p<0.001), but no effect of size and no interaction.

N a tu ra l 3D 2D P an to m im ed
40m m 0.626 (±0.051) 0.727 (±0.070) 0.808 (±0.052)
45m m 0.634 (±0.052) 0.768 (±0.070) 0.813 (±0.067)
50m m 0.624 (±0.045) 0.731 (±0.072) 0.829 (±0.061)
M ean 0.628 (±0 .049) 0.742 (±0.070) 0.817 (±0.59)

Table 6.3: Mean (3i standard error) time to maximum aperture (seconds) for 
each stimulus size in each condition

Figure 6.3c illustrates the mean time to maximum aperture in the three condi
tions. The graph shows tha t maximum aperture was reached earlier in natural 
3D grasping than in pantomimed grasping. 2D grasping fell somewhere between 
the two, with the mean appearing to be closer to that for pantomimed grasping 
than for natural 3D grasping. Planned comparisons showed that the 3 conditions 
differed significantly from each other, with maximum aperture in natural 3D 
grasping reached earlier than in pantomimed grasping (2(13) =  -7.606, p <0.001) 
and 2D grasping (2(13) =  -3.591, p<0.01). Maximum aperture was reached earlier 
in 2D grasping than in pantomimed grasping (2(13) =  2.859, p<0.05).

6.2.2.5 Normalised time to  maximum aperture

Table 6.4 shows mean (±  standard error) normalised time to maximum grip 
aperture for each object size in each condition. This measurement was obtained 
by calculating the percentage of total movement duration at which maximum 
aperture was reached. There was a main effect of condition (F(2,26) =  25.002, 
p <0.001), but no effect of size and no interaction.

Figure 6.3d illustrates the normalised time to maximum aperture in the 3 con
ditions. The graph shows that maximum aperture was reached proportionally 
earlier in natural 3D grasping than in pantomimed grasping. 2D grasping fell
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N a tu ra l 3D 2D P an to m im ed
40m m 68.813 (±2.376) 76.275 (±2.978) 82.964 (±1.538)
45m m 68.542 (±2.491) 79.209 (±2.552) 83.181 (±2.415)
50m m 68.769 (±2.218) 75.859 (±2.793) 84.139 (±2.169)
M ean 68.708 (±2.304) 77.114 (±2.651) 83.428 (±1 .779)

Table 6.4-' Mean (3i standard error) normalised time to maximum aperture (% 
total duration) for each stimulus size in each condition

somewhere between the two, but again appeared to be closer to pantomimed 
grasping than to natural 3D grasping. Planned comparisons showed that the 
3 conditions differed significantly from each other, with maximum aperture in 
natural 3D grasping reached proportionally earlier than in pantomimed grasping 
(((13) =  -7.400, p<0.001) and 2D grasping (((13) =  -5.439, p<0.001). Maximum 
aperture was reached earlier in 2D grasping than in pantomimed grasping (((13) 
=  2.432, p<0.05).

6.2.2.6 Maximum wrist displacement

Table 6.5 shows mean (db standard error) maximum wrist displacement for each 
object size in each condition. This measurement gives an indication of the dis
tance reached in each condition. There was a main effect of condition (F(2,26) 
=  4.774, p<0.05), and a main effect of size (F(2,26) =  4.895, p<0.05). This 
indicates that subjects reached further for larger objects, however the lack of a 
condition x size interaction suggests that the same pattern of increased displace
ment with object size was found in each condition.

N a tu ra l 3D 2D P an to m im ed M ean
40m m 225.225 (±1.851) 218.853 (±2.911) 229.673 (±4.636) 224.584
45m m 224.747 (±2.991) 219.580 (±2.570) 231.185 (±4.574) 225.268
50m m 226.857 (±2.800) 219.873 (±3.652) 235.239 (±5.078) 227.225
M ean 225.609 (±2.432) 219.435 (±2.966) 232.032 (±4 .707)

Table 6.5: Mean ( i  standard error) wrist displacement (mm) for each stimulus 
size and condition

Figure 6.3e illustrates maximum wrist displacement in the three conditions col
lapsed across size. The graph shows that maximum wrist displacement was
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greater in pantomimed grasping than in 2D grasping, with natural 3D grasp
ing lying in between. Planned comparisons showed wrist displacement in 2D 
grasping was significantly smaller than in natural 3D grasping (((13) =  2.451, 
p<0.05) and pantomimed grasping (((13) =  2.731, p<0.05). Natural 3D and 
pantomimed grasping did not significantly differ.

6.2.2.7 Wrist height measurements

No significant effects were found for maximum wrist height. However, figure 6.3f 
shows that there was a trend for 2D and pantomimed grasps to appear similar, 
with the wrist reaching a higher maximum height than in natural 3D grasping.

Table 6.6 shows mean absolute time to maximum wrist height for each stimulus 
size and condition. There was a significant main effect of condition (F(2,26) =  
4.754, p<0.05), but no effects of size and no interaction.

N a tu ra l 3D 2D P an to m im ed
40m m 0.333 (±0.025) 0.367 (±0.028) 0.424 (±0.045)
45m m 0.340 (±0.031) 0.383 (±0.028) 0.429 (±0.044)
50m m 0.346 (±0.034) 0.373 (±0.029) 0.432 (±0.046)
M ean 0.340 (±0.028) 0.375 (±0 .028) 0.428 (±0.044)

Table 6.6: Mean (±  standard error) time to maximum wrist height (seconds) for 
each stimulus size and condition

Figure 6.3g shows the mean time to maximum wrist height in each of the three 
grasping conditions. As the graph illustrates, maximum wrist height appears to 
be reached earlier in natural 3D grasping than in pantomimed or 2D grasping, 
with pantomimed grasping showing the longest time to maximum wrist height. 
Planned comparisons showed that maximum wrist height was reached earlier in 
natural 3D grasping than in pantomimed grasping (((13) =  -2.607, p<0.05) and 
2D grasping (((13) =  -2.543, p<0.05). 2D and pantomimed grasping did not 
differ from each other in terms of the time taken to reach maximum wrist height 
(((13) =  1.569, p = 0.141). No significant effects were found for normalised time 
to maximum wrist height.
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6.2.2.8 Velocity measurements

No significant effects were found for maximum velocity, time to maximum velocity 
(acceleration phase) or normalised time to maximum velocity. However, as figure 
6.3i shows, there was a trend for maximum velocity in natural 3D grasping to be 
greater than in both 2D or pantomimed grasping, which appear to be similar.

6.2.2.9 Aperture profiles

Figure 6.4 shows representative grasp and velocity profiles for grasps towards a 
2D target, a 3D target, and a pantomimed grasp. This also illustrates the typical 
aperture profile in a natural grasp to a 3D object, the fingers initially stable at 
the starting position, then opening gradually to a maximum achieved just after 
maximum velocity, and then closing in and levelling off as the object is reached.
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Figure 6.4: Representative (a) grip aperture and (b) velocity profiles for one 
subject during natural 3D, pantomimed and 2D grasps
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As can be seen from figure 6.4, the relationship between maximum aperture and 
maximum velocity appears to be maintained in pantomimed grasps and grasps 
to 2D targets. Maximum aperture is greater for natural 3D grasping, as also 
seen in figure 6.3a, and is reached earlier than in pantomimed or 2D grasping, as 
seen in figures 6.3c and 6.3d. A flattening of the aperture profile can be seen in 
both 2D and pantomimed profiles compared to natural 3D grasping, as reported 
by Goodale et al. (1994a) for memory driven actions. However, Goodale et al. 
(1994a) reported that maximum aperture was reached earlier in the grasp, and 
then the fingers did not close as much as in a natural grasp. In the current study 
it was found that maximum aperture was reached later in the grasp, with the 
fingers gradually opening to the maximum.

6.2.3 Discussion

The results of this study suggest that reach-to-grasp movements made towards a 
2D image do differ in certain ways from grasps made to a 3D object. However, 
in several measurements grasping to a 2D target also differed significantly from 
pantomimed grasping. It is not therefore immediately obvious whether grasping 
to 2D and 3D targets can be said to differ in terms of the underlying mechanisms 
driving the action. Goodale et al. (1994a) suggested that pantomimed grasping 
depends on ventral stream functioning. While some measures indicated that 2D 
grasping was more similar to pantomimed grasping than to natural 3D grasping 
(maximum aperture, time to maximum wrist height), in others 2D grasping lay 
somewhere between the two (time to maximum aperture, normalised time to 
maximum aperture).

In the majority of measures, confirmation of Goodale et a/.’s (1994a) results 
regarding kinematic differences between natural 3D and pantomimed grasping 
was found. Goodale et al. (1994a) found maximum grip aperture in pantomimed 
grasping was smaller, but still scaled to object size. This was replicated in the 
current study. They also found longer movement durations for pantomimed than 
natural 3D grasps, also found in the current study. Peak wrist velocity was found 
to be lower in pantomimed than in natural 3D grasping; in the current study 
there was a trend for the same pattern to be found for both pantomimed and 
2D grasping. Maximum wrist height was found to be higher in pantomimed than

158



6. Experiments 3 &  4 - Kinematics o f Grasping to 2D and 30  Targets

natural 3D grasping; there was a numerical trend for this pattern in the current 
study also.

However, Goodale et al (1994a) found that normalised time to maximum aper
ture was reduced in pantomimed compared to natural 3D grasping. The opposite 
pattern was found here; in both 2D and pantomimed grasping maximum aperture 
was reached later than in natural 3D grasping. It is not clear why this particular 
measurement should show the opposite pattern of results to those of Goodale 
et al. (1994a). The procedures for natural 3D and pantomimed grasping were 
similar to those used in their study. However, the current study used an open- 
loop procedure, whereas subjects in Goodale et a/.’s study made reaches with 
full visual feedback. It is possible that with full vision subjects assess the size of 
the object, open their grip to match that size, and then hold this aperture until 
the end point is reached, thus resulting in the flattened aperture profiles seen by 
Goodale et ai (1994a). However, in open-loop conditions, when subjects reach 
in the dark, they may simply open their grip gradually until they reach the table 
surface (i.e. the end point), resulting in the aperture profiles seen in Experiment 
3. In order to investigate whether the open-loop procedure used here can account 
for the differences in the time taken to reach maximum aperture between this 
study and Goodale et al. (1994a), Experiment 4 replicated this study in closed- 
loop conditions. In this way, any effects of eliminating visual feedback can also 
be assessed.
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6.3 Experiment 4: Natural, 2D and pantomimed 
grasping under closed-loop conditions

6.3.1 Method

The apparatus and procedure for Experiment 4 were identical to those for Exper
iment 3, except that grasping actions were performed in closed-loop conditions 
in which subjects had full vision of both the stimulus and their grasping hand.

6.3.1.1 Design

Again, this was a repeated measures design, with each subject performing all 3 of 
the natural 3D, 2D and pantomimed conditions. Each subject performed a total 
of 72 trials, in 3 blocks of 24 randomly ordered trials each. Each block consisted of 
one type of reaching, natural 3D, 2D or pantomimed. W ithin each block subjects 
made 8 reaches to each of the 3 stimulus sizes. The order of presentation of the 
blocks was counterbalanced.

6.3.1.2 Subjects

Subjects were 20 volunteers, all staff, undergraduate or postgraduate students at 
the University of London. Of these, 4 subjects’ stereoscopic vision fell below the 
required criterion (120 sec of arc). Data from 2 subjects were incomplete and 
were discarded. Subjects who failed to meet the stereoacuity criterion completed 
the experiment, but their data were not further analysed for the purpose of this 
thesis. D ata were therefore analysed from 14 subjects, 6 males and 8 females. 
All had normal or corrected-to-normal vision and stereoacuity within the normal 
range, as measured by the TNG test for stereoscopic vision. The mean age was 
28.29 years (range 18 - 38 years). Subjects were paid for their time and were fully 
debriefed at the end of the experiment.
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6.3.1.3 Procedure

Subjects sat at the table on which the stimuli were to be presented. A button was 
positioned 70mm from the edge of the table in front of the subject. This was to 
ensure that the starting position was identical to Experiment 3, but pressing the 
button had no consequences. The entire testing area was illuminated throughout 
the experiment. In all other ways the procedure was identical to Experiment 
3. As before, subjects began each trial with their eyes closed and were verbally 
instructed to open their eyes. After 2 seconds viewing of the stimulus a verbal 
cue, “go” was given to start the movement. Subjects were instructed to keep 
their eyes open throughout the grasping movement.

6.3.2 Results

D ata were manipulated and processed in exactly the same way as Experiment 3 
and the same kinematic variables were analysed^.

6.3.2.1 Maximum in-flight grip aperture

Table 6.7 shows mean (±  standard error) maximum grip apertures for each object 
size in each condition. Figure 6.5 represents this data graphically.

N a tu ra l  3D 2D P an to m im ed
40m m 58.350 (±  1.700) 50.031 (±  1.812) 48.991 (±  1.019)
45m m 62.836 (±  1.987) 53.556 (±  1.425) 53.842 (±  1.163)
50m m 66.230 (±  1.670) 56.950 (±  1.515) 58.408 (±  1.916)
M ean 62.472 (±1 .757) 53.512 (±1 .519) 53.747 (±1 .231)

Table 6.7: Mean (zt standard error) maximum aperture (mm) for each stimulus 
size in each condition

As figure 6.5 shows, maximum aperture appears to increase with increased stim
ulus size at a similar rate in each condition. However, overall maximum aperture 
was larger in the natural 3D grasping condition than in pantomimed or 2D con
ditions. The pattern of grip aperture was similar to that seen for open-loop

2See Appendix D for full tables of mean data and ANOVA summary tables
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grasping.
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Target size (mm)
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Figure 6.5: Mean (3z standard error) maximum grasp aperture (mm) for each 
stimulus size in each condition

There was a significant main effect of condition (T(2,24) =  28.778, p<0.001) and 
a significant main effect of size (F(2,24) =  118.002, p<0.001). The lack of a 
significant condition x size interaction confirmed that the scaling of grip size to 
object size was consistent between conditions.

Figure 6.6a shows mean maximum aperture for each condition, collapsed across 
size. Planned comparisons indicated that maximum aperture was larger in natural 
3D grasping than in 2D grasping (Z(12) = 5.714, p<0.001) and pantomimed 
grasping (t(l2) = 6.746, p<0.001), however, pantomimed and 2D grasping did 
not significantly differ from one another.

6.3.2.2 Movement Duration

Table 6.8 shows mean (±  standard error) movement duration for each object size 
in each condition. There were no significant effects of condition or size, and no 
interaction.

Figure 6.6b shows mean movement duration in each condition collapsed across 
size. The graph shows that there was a trend for overall movement duration to 
be shorter in natural 3D grasping than in pantomimed grasping or 2D grasping.
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Figure 6.6: Mean (± standard error) values for kinematic measures collapsed
across size
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N a tu ra l 3D 2D P an to m im ed
40m m 0.879 (±0.043) 0.875 (±0.032) 0.910 (±0.042)
45m m 0.862 (±0.037) 0.899 (±0.033) 0.908 (±0.037)
50m m 0.870 (±0.043) 0.900 (±0.032) 0.911 (±0.041)
M ean 0.870 (± 0 .041) 0.891 (±0.031) 0.910 (±0.039)

Table 6.8: Mean (:k standard error) movement duration (seconds) for each 
stimulus size in each condition

6.3.2.3 Time to maximum aperture

Table 6.9 shows mean (±  standard error) absolute time to reach maximum grip 
aperture for each object size in each condition. There was a main effect of con
dition (F(2,24) =  8.516, p<0.05), but no effect of size and no interaction.

N a tu ra l 3D 2D P an to m im ed
40m m 0.625 (±0.054) 0.687 (±0.047) 0.679 (±0.060)
45m m 0.613 (±0.052) 0.700 (±0.052) 0.726 (±0.047)
50m m 0.634 (±0.054) 0.712 (±0.052) 0.723 (±0.046)
M ean 0.624 (± 0 .052) 0.700 (±0.046) 0.709 (±0.046)

Table 6.9: Mean (3i standard error) time to maximum aperture (seconds) for 
each stimulus size in each condition

Figure 6.6c illustrates the mean time to reach maximum aperture in the 3 condi
tions, collapsed across size. The graph shows that maximum aperture was reached 
earlier in natural 3D grasping than in pantomimed grasping or 2D grasping which 
were similar to each other. Planned comparisons confirmed this; maximum aper
ture in natural 3D grasping was reached earlier than in pantomimed grasping 
(f(12) =  -3.348, p<0.01) and 2D grasping (((12) =  -3.355, p<0.01). Pantomimed 
and 2D grasping did not significantly differ.

6.3.2.4 Normalised tim e to maximum aperture

Table 6.10 shows mean (di standard error) normalised time to reach maximum 
grip aperture for each object size in each condition. There was a main effect of 
condition (F(2,26) =  25.002, p<0.001), but no effect of size and no interaction.
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N a tu ra l  3D 2D P an to m im ed
40m m 70.296 (±3.578) 78.246 (±3.979) 74.147 (±5.083)
45m m 69.788 (±3.820) 77.793 (±4.761) 79.912 (±3.721)
50m m 72.052 (±2.926) 78.826 (±4.484) 79.055 (±3.200)
M ean 70.712 (±3 .285) 78.288 (±4 .254) 77.705 (±3.346)

Table 6.10: Mean (3i standard error) normalised time to maximum aperture (% 
total duration) for each stimulus size in each condition

Figure 6.6d illustrates the normalised time to maximum aperture in the three 
conditions collapsed across size. The graph shows that maximum aperture was 
reached proportionally earlier in natural 3D grasping than in pantomimed grasp
ing and 2D grasping. Planned comparisons confirmed this; maximum aperture 
was reached proportionally earlier in 2D (i(12) =  -2.572, p<0.05) and pan
tomimed grasping (((12) =  -3.444, p<0.005), which did not significantly differ.

6.3.2.5 Maximum wrist displacement

Table 6.11 shows mean (±  standard error) maximum wrist displacement for each 
object size in each condition. There was a main effect of condition (F(2,24) =  
24.327, p<0.001), and a main effect of size (F(2,24) =  5.003, p<0.05). This 
indicates that subjects reached further for larger objects, however the lack of a 
condition x size interaction suggests that the same pattern of increased displace
ment with object size was found in each condition.

N a tu ra l  3D 2D P an to m im ed M ean
40m m 244.231 (±4.179) 246.498 (±4.121) 263.839 (±4.015) 251.523
45m m 244.337 (±4.321) 247.872 (±5.107) 265.297 (±3.833) 252.502
50m m 245.480 (±4.961) 248.577 (±4.553) 269.873 (±3.635) 254.643
M ean 244.683 (± 4 .452) 247.649 (±4 .543) 266.337 (±3 .592)

Table 6.11: Mean (it standard error) wrist displacement (mm) for each stimulus 
size and condition

Although there was no significant interaction, figure 6.7 suggests that there was 
a trend for wrist displacement to increase more with object size in pantomimed 
grasping than in the other conditions.
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Figure 6.7: Mean (=t standard error) wrist displacement (mm) for each stimulus 
size in each condition

Figure 6.6e illustrates maximum wrist displacement in the 3 conditions collapsed 
across size. The graph shows that maximum wrist displacement was greater 
in pantomimed grasping than in 2D grasping or natural 3D grasping. Planned 
comparisons confirmed that wrist displacement in 2D grasping {t{12) = 5.065, 
p<0.001) and natural grasping (Z(12) = -5.329, p<0.001) was significantly smaller 
than in pantomimed grasping. 2D and pantomimed grasping did not significantly 
differ from each other. As this was closed-loop grasping, in both 2D and natural 
3D grasping subjects could see the target and reach directly towards it, therefore, 
it was expected that these two conditions would show similar values for wrist 
displacement. While the target could still be seen in a pantomimed grasp, the 
action was not being performed towards it, and the wrist tended to be displaced 
further than in a target-directed grasp.

6.3.2.6 Maximum wrist height

Table 6.12 shows mean maximum wrist height for each stimulus size and condi
tion. There was a signihcant main effect of condition (F(2,24) =  5.197, p<0.05), 
but no effect of size and no interaction.

Figure 6.6f shows that 2D and pantomimed grasps were similar, with higher
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N a tu ra l 3D 2D P an to m im e
40m m 285.088 (±4.969) 288.869 (±4.524) 289.099 (±3.711)
45m m 283.959 (±4.355) 288.322 (±4.539) 290.998 (±4.457)
50m m 281.734 (±5.601) 285.928 (±5.962) 288.835 (±3.821)
T otal 283.594 (± 4 .464) 287.706 (± 4 .602) 289.644 (±3.900)

Table 6.12: Mean (3z standard error) maximum wrist height (mm) for each 
stimulus size and condition

maximum wrist heights than in natural 3D grasping. This was confirmed by- 
planned comparisons; maximum wrist height was lower in natural 3D grasping 
than in pantomimed grasping (2(12) =  -4.598, p<0.001). The difference between 
natural 3D and 2D grasping did not reach significance (2(12) =  -1.985, p=0.071), 
and 2D and pantomimed grasping did not differ.

6.3.2.7 Time to  maximum wrist height

Table 6.13 shows mean absolute time to maximum wrist height for each stimulus 
size and condition. There was a significant main effect of condition (F (2,24) =  
3.436, p<0.05), but no effect of size and no interaction.

N a tu ra l 3D 2D P an to m im ed
40m m 0.369 (±0.046) 0.350 (±0.028) 0.403 (±0.039)
45m m 0.362 (±0.054) 0.369 (±0.023) 0.399 (±0.045)
50m m 0.360 (±0.043) 0.361 (±0.030) 0.421 (±0.052)
M ean 0.364 (±0 .047) 0.360 (±0.027) 0.407 (±0.045)

Table 6.13: Mean ( i  standard error) time to maximum wrist height (seconds) 
for each stimulus size and condition

Figure 6.6g shows the mean time to maximum wrist height in each of the three 
grasping conditions. As the graph illustrates, maximum wrist height was reached 
earlier in natural 3D and 2D grasping than in pantomimed grasping. Planned 
comparisons confirmed this; maximum wrist height was reached earlier in natural 
3D grasping than pantomimed grasping (2(12) =  -3.517, p<0.005). The difference 
between pantomimed and 2D grasping was marginally significant (2(12) =  2.124, 
p=0.055). 2D and natural 3D grasping did not significantly differ from each other
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in terms of the time taken to reach maximum wrist height. No significant effects 
were found for normalised time to maximum wrist height.

6.3.2.8 Velocity measurements

No significant effects were found for maximum velocity or time to reach maximum 
velocity (acceleration phase). Table 6.14 shows the mean normalised time to 
maximum velocity for each stimulus size and condition. There was a significant 
effect of condition (F(2,24) =  3.728, p<0.05) and size (F(2,24) =  5.328, p<0.05) 
but no stimulus x size interaction.

N a tu ra l 3D 2D P an to m im ed
40m m 39.322 (±1.035) 37.878 (±1.133) 37.936 (±1.130)
45m m 39.443 (±0.912) 38.623 (±1.114) 37.777 (±0.871)
50m m 38.679 (±0.994) 37.089 (±1.023) 37.472 (±1.101)
M ean 39.148 (±0.895) 37.863 (±1.030) 37.728 (±0.978)

Table 6.14- Mean (3z standard error) normalised time to maximum wrist 
velocity (%) for each stimulus size and condition

Figure 6.6k shows that maximum velocity was reached proportionally later in 
natural 3D grasping than in the other conditions. Planned comparisons showed 
that the percentage of total movement time taken to reach maximum velocity was 
greater in natural 3D than in 2D (((12) =  2.267, p<0.05) and pantomimed (((12) 
=  2.822, p<0.05) grasping, which did not significantly differ from each other.

6.3.3 Comparison of open- and closed-loop grasping

In order to examine the differences between open- and closed-loop grasping in 
detail, the data collected in Experiments 3 and 4 were subjected to a series of 
2x3 mixed ANOVAs, with loop (open or closed) as a between subjects factor and 
condition (natural 3D, 2D or pantomimed grasping) as a within subjects factor^.

3See Appendix E for full tables of mean data and ANOVA summary tables
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6.3.3.1 Maximum aperture

There was a significant main effect of both condition (F(2,50) =  56.650, p<0.001) 
and loop (F(l,25) =  4.407, p<0.05) and a significant condition x loop interaction 
(F(2,50) =  7.282, p<0.005).

As can be seen from figure 6.8a the interaction appears to be the result of an in
creased maximum aperture in open-loop conditions for natural 3D grasping only. 
Post-hoc Z-tests using a Bonferroni-corrected a  value of 0.017 confirmed this; 
larger maximum apertures were found in open- than closed-loop for natural 3D 
grasping {t{25) = -3.770, p<0.017). Open- and closed-loop were not significantly 
different for 2D or pantomimed grasping.

6.3.3.2 Duration

There was a significant main effect of condition (F(2,50) =  5.960, p<0.01), but 
no effect of loop or interaction. As figure 6.8b illustrates, there was a tendency 
for movements to be longer in duration in open-loop conditions, but this did not 
reach significance.

As there was no effect of loop, and no interaction, post-hoc tests were carried 
out to compare conditions when data from the two experiments were combined, 
using a Bonferroni corrected a  value of 0.017. Pantomimed reaches were found 
to be significantly longer in duration than natural 3D reaches (((26) =  -3.728, 
p<0.017). 2D grasping did not significantly differ from either natural or pan
tomimed grasping.

6.3.3.3 Time to  maximum aperture

There was a significant main effect of condition (F(2,50) =  30.196, p<0.001), no 
effect of loop, but a significant condition x loop interaction (F(2,50) =  4.176, 
p<0.05).

Post-hoc (-tests found no significant differences between open- and closed-loop

169



6. Experiments 3 4 - Kinematics o f Grasping to 2D and 3D Targets

(c) T im e to m axim um  
aperture

(a) M axim um  aperture (b) M ovem ent duration

^ 0.8

90

85

80

1 , 5
s
S  70 

0

Natural 3D 2 0  Pantomimed 
G rasping Condition

(d) N orm alised time to 
m axim um  aperture

Natural 3 0  2 0  Pantomimed
G rasping Condition

Natural 3 0  2 0  Pantomimed
G rasping  Condition

(e) M axim um  w rist 
displacem ent

(0  M axim um  w rist 
height y

1B 250

a 230

Natural 3 0  2 0  Pantomimed
G rasping Condition

Natural 3 0  2 0  Pantomimed
G rasping  Condition

Natural 3 0  2 0  Pantomimed
G rasping  Condition

600 (i) M axim um  w rist velocity
(h) N orm alised tim e to 
m axim um  w rist height

(g) Tim e to m axim um  wrist 
height

•2 0.4

^ 0.35

Natural 3 0  2 0  Pantomimed
G rasping  Condition

Natural 3 0  2 0  Pantomimed
G rasping Condition

(k) N orm alised tim e to 
m axim um  w rist velocity

Natural 3 0  2 0  Pantomimed
G rasping  Condition

0) Time to maximum wrist 
velocity

0.4 

^  0.38

P 0.36

H 0.32

Closed loop 
Open loop

Natural 3 0  2 0  Pantomimed
G rasping  Condition

Natural 3 0  2 0  Pantomimed
G rasping Condition

Figure 6.8: Mean (± standard error values for kinematic variables under open- 
and closed-loop conditions

170



6. Experiments 3 & 4 - Kinematics o f Grasping to 2D and 3D Targets

grasping at any one condition. As can be seen from figure 6.8c, the condition x 
loop interaction was the result of the fact that the time taken to reach maximum 
aperture was greater in pantomimed grasping than in 2D grasping when an open- 
loop procedure was used, whereas in closed-loop grasping 2D and pantomimed 
grasping looked similar. These results were reported separately in Experiments 
3 and 4.

Figure 6.8d illustrates the normalised time to maximum aperture. Again there 
was a significant main effect of condition (F(2,50) =  24.477, p<0.001), no effect 
of loop, but a significant condition x loop interaction (E(2,50) =  3.479, p<0.005).

Figure 6.8d shows a similar pattern of results to those found for the absolute time 
to maximum aperture. Again post-hoc tests revealed no significant differences 
between open- and closed-loop grasping at any one condition. The interaction 
was the result of a different relationship between the conditions; again in open- 
loop conditions, maximum aperture was reached significantly later in pantomimed 
grasping than in 2D grasping, whereas in closed-loop grasping there was no sig
nificant difference between pantomimed and 2D grasping.

6.3.3.4 Wrist displacement

There was a significant effect of condition (F(2,50) =  20.832, p<0.001) and 
loop (F(l,25) =  36.515, p<0.001), and a significant condition x loop interaction 
(F(2,50) =  4.133, p<0.05).

Figure 6.8e reveals tha t wrist displacement was greater in closed-loop than in 
open-loop conditions, and post-hoc Z-tests confirmed that this was the case for 
natural 3D (t(25) =  3.835, p<0.017), 2D (((25) =  5.275, p<0.017) and pan
tomimed (((25) =  5.728, p<0.017) grasping. The interaction was due to the dif
ferent pattern in the data already shown in the results of Experiments 3 and 4. In 
open-loop conditions, wrist displacement did not differ between pantomimed and 
natural 3D grasping, both of which were greater than 2D grasping. In closed-loop 
conditions, 2D and natural 3D grasping did not differ, and pantomimed grasping 
showed greater displacement than both.
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This may be due to the fact that in closed-loop conditions subjects could adjust 
the displacement of the hand using visual feedback. Therefore since they were 
aiming for a physical target at the same location in 2D and natural 3D grasping, 
it is not surprising th a t these did not differ when visual feedback was available.

6.3.3.5 Maximum wrist height

There were significant main effects of condition (F(2,50) =  5.486, p<0.01) and 
loop (F(l,25) =  4.743, p<0.05) but no interaction. Maximum wrist height was 
significantly greater in closed- than open-loop, as figure 6.8f shows.

Post-hoc Z-tests carried out on data from the 3 conditions collapsed across both 
experiments showed that maximum wrist height was significantly greater in pan
tomimed than in natural 3D grasping (^(26) =  -3.894, p <0.017). Maximum wrist 
height in 2D grasping lay somewhere between the two, and did not significantly 
differ from either the natural 3D or pantomimed condition.

6.3.3.6 Time to  maximum wrist height

There was a significant effect of condition only (F(2,50) =  7.479, p<0.005). As 
figure 6.8g shows, there was a similar trend in both open- and closed-loop grasping 
for maximum wrist height to be reached later in pantomimed than in natural 3D 
grasping, which was confirmed by post-hoc (-tests (((26) =  -3.567, p<0.017) when 
data from the both experiments were combined. 2D grasping did not significantly 
differ from either natural 3D or pantomimed grasping.

The same trend was seen when time to maximum wrist height was normalised, 
and expressed as a proportion of the total movement duration. Again there was a 
significant effect of condition only (F(2,50) =  4.563, p<0.05). None of the post- 
hoc tests carried out on the differences between conditions reached significance 
at the Bonferroni-corrected a  level of 0.017. However, figure 6.8(h) confirms that 
the trend followed the pattern seen for absolute time to maximum wrist height.
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6.3.3.7 Velocity measurements

No significant effects were found for maximum wrist velocity or absolute time to 
maximum velocity. However, the fact tha t the wrist was raised higher in closed- 
loop than open-loop conditions implies that closed-loop reaches were either faster 
or longer in duration than open-loop reaches. Examining the graph for duration 
measurements (figure 6.8b), it can be seen that there was no evidence for longer 
movement duration in closed-loop conditions; if anything, the opposite trend 
was seen. However, while no significant effects of loop were found for maximum 
velocity measurements, figure 6.Si shows the expected trend for faster movements 
in closed-loop conditions.

Normalised time to maximum velocity showed a significant main effect of con
dition only (E(2,50) =  5.838, p<0.01). Post-hoc f-tests confirmed the pattern 
seen in figure 6.8k; maximum velocity was reached significantly later in natural 
3D than in 2D (((26) =  3.162, p<0.017) or pantomimed grasping (((26) =  2.634, 
p<0.017), which did not significantly differ from each other. This pattern was 
seen in both open- and closed-loop conditions.

6.3.4 Discussion

The results from Experiment 4 confirmed those from Experiment 3 regarding 
the time taken to reach to maximum aperture. Again maximum aperture was 
reached later in pantomimed grasps than in natural 3D grasps. 2D grasping in 
Experiment 4 did not differ from pantomimed grasping in terms of time to reach 
maximum aperture. In Experiment 3 2D grasping fell somewhere between natural 
3D and pantomimed grasping. These results conflict with those of Goodale et al. 
(1994a) who found tha t maximum aperture was reached later in natural 3D than 
in pantomimed grasping.

However, in general Goodale et al.'s results were confirmed. They found tha t 
when comparing pantomimed with natural 3D grasping, movements were longer 
in duration, slower, the wrist was raised higher and maximum aperture was 
smaller, but still scaled to object size. In Experiment 3, pantomimed move
ments were longer in duration and maximum aperture was smaller than natural
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3D movements. There was also a trend for movements to be slower and for the 
wrist to be raised higher. In Experiment 4, the wrist was raised higher in pan
tomimed movements, maximum aperture was smaller and there was a trend for 
movements to be longer in duration than in natural 3D movements. In addition 
to the kinematic differences found by Goodale et al. (1994a), the experiments de
scribed in this chapter also found that maximum wrist displacement was greater 
in pantomimed than in natural grasping movements.

Hu et al. (1999) found no differences between open- and closed-loop grasping 
when kinematic measures were studied. Differences in the effects of illusions on 
open- and closed-loop grasping have been reported by some (Westwood et a/., 
2000a, 2001) but not others (e.g. Gentilucci et al, 1996). In the experiments re
ported here, some differences were found between open- and closed-loop grasping. 
Differences between open- and closed-loop within a single condition were found 
for three measures only. Maximum aperture was found to be greater in open- 
loop than in closed-loop grasping for real, 3D targets only (natural grasping). 
Wrist displacement was reduced in open-loop compared to closed-loop grasping 
for all three conditions. Maximum wrist height was also greater in closed- than 
open-loop.

The effect of preventing visual feedback appeared to have more impact on the 
relationships between the conditions. In several measures post-hoc tests following 
a significant interaction revealed no difference between open- and closed-loop data 
within any one condition, but did show differences in the relationships between 
the conditions under different grasping procedures. For example, the time taken 
to reach maximum aperture (both absolute and normalised) was significantly 
greater in pantomimed than 2D grasping under the open-loop procedure, but 
these two conditions did not significantly differ when a closed-loop procedure was 
used. However, the difference between open- and closed-loop procedures cannot 
account for the differences between the current results and those of Goodale et al. 
(1994a). They found that the time taken to reach maximum aperture was greater 
in natural than in pantomimed grasping. In the current study the opposite was 
found, both when an open-loop and a closed-loop procedure was used.

It is not possible to conclude from these two experiments whether 2D grasping
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is based on ventral stream processing, as suggested for pantomimed grasping 
(Goodale et ai, 1994a; Westwood et ai, 2000b). 2D grasping appears to differ 
in certain ways from both natural 3D and pantomimed grasping. It is unclear 
whether the differences from natural 3D grasping were simply due to the fact that 
the object being ‘grasped’ was flat rather than 3D, or whether the fundamental 
mechanisms driving grasps to the two target types were different. Similarly it is 
unclear why 2D grasping showed differences to pantomimed grasping, and it can
not be concluded that these differences mean that different driving mechanisms 
are responsible.

As maximum grip aperture has been used as the main measure both in the pub
lished literature and in experiments described in this thesis, it is important to 
examine this measure more closely. In both open- and closed-loop grasping con
ditions, maximum grip aperture found in grasps towards 2D targets quite closely 
approximated that found in pantomimed grasps, and was substantially smaller 
than that found in natural grasps towards 3D targets. Can this difference be 
explained in a model which still allows that grasps towards the two targets are 
driven by the same fundamental underlying visuomotor mechanism?

In some respects this difference between grasping to 2D and 3D targets seems 
counterintuitive; one would expect maximum aperture to increase as the visual 
information available becomes more impoverished, the subject opening his/her 
hand wider to allow a greater ‘margin of error’ in the grasp. A line drawn circle 
could be considered to offer poor visual information compared to a solid disk of the 
same circumference and dimensions, and yet maximum aperture is reduced when 
grasping towards the 2D target. However, this need not be problematic if one 
considers a recent alternative model of grasping proposed by Smeets and Brenner 
(1999). The classic view of grasping proposed by Jeannerod (1981) supposes that 
there are two independent visuomotor channels controlling the transport and grip 
components of a reach-to-grasp movement. According to this view, the wrist is 
transported to the object, guided by extrinsic object properties such as position 
and orientation, and the thumb and fingers move relative to each other to form 
the grip on the basis of intrinsic object properties such as size and shape. Smeets 
and Brenner (1999) suggested instead that the digits move independently to po
sitions on the object, with the general rule that trajectories approach surfaces
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more or less perpendicularly. Smeets and Brenner argued that the tendency to 
approach surfaces perpendicularly is determined by constraints of the movement. 
A perpendicular approach ensures contact near the required positions, allowing 
for more variability in the movement than a straight approach. A perpendicular 
approach also means that the fingers are less likely to slip when the surface is 
contacted. W ith this alternative model, digit movements during both pointing 
and grasping are explained by the same principles; essentially grasping involves 
pointing with the finger and thumb towards locations on the surface of the ob
jects.

(b)

Figure 6.9: Difference in paths of digits when performing a grasping action to 
(a) 2D targets and (b) 3D targets

Returning to the current study, if one considers that a grasp involves pointing 
with the finger and thumb towards points on the object surface, the difference 
in maximum grip aperture when grasping 2D and 3D targets is easily explained 
(see figure 6.9). When the target is 3D, the points on the object surface to which 
a subject must perpendicularly move his/her fingers are located at the sides of 
the object. When the target is 2D, the contact points are located on the fiat 
surface of the paper displaying the stimulus. A subject must open his/her grip 
wider in order to move the fingers perpendicularly to points on the sides of a 
disk than to points on a fiat, line drawn circle. This also explains the flattening 
of the grip aperture profile which is typically seen when grasping towards a 2D
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target. The fingers must open wider and then close in on a 3D object from the 
sides in order to reach it orthogonally. This is not necessary when the target 
is 2D, and the fingers can move relatively straight towards the object and still 
meet it orthogonally. This theory can also explain why grasping towards a 2D 
target appears to be so similar to pantomimed grasping in terms of maximum 
aperture. In both these conditions the finger and thumb can be transported 
relatively straight towards the table surface, with little need to open the fingers 
to a wider aperture before closing to the final position. So pantomimed and 2D 
grasping are similar in terms of the type of action required (similar to a ‘two
fingered point’), but this does not mean that this action is necessarily driven by 
the same controlling mechanism.

However, while Smeets and Brenner’s theory of grasping offers the possibility 
that grasping towards a 2D target can look similar to pantomimed grasping and 
yet be based on similar visuomotor processes to natural 3D grasping, it cannot 
be concluded that this is the case. In order to clarify these points. Experiments 
5 and 6, described in Chapter 7, investigated the effects of a pictorial illusion on 
3D targets and 2D images of those targets. As illusions are hypothesised to affect 
the ventral stream to a greater degree than the dorsal stream, these experiments 
aimed to distinguish between the possible reasons for kinematic differences be
tween 2D and 3D grasping. If grasping towards 2D targets is based on similar 
driving mechanisms to grasping towards 3D targets, one would expect the pattern 
of illusion effects on maximum aperture to be similar, although the magnitude of 
maximum aperture will differ for the two target types due to differences in the 
type of action required.
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7.1 Introduction

Chapter 6 found that grasping towards 2D and 3D targets differed in the size of 
maximum aperture and the point in the movement at which this was reached, 
but showed similarities in some other kinematic variables. It was suggested that 
this difference in magnitude of maximum aperture could be explained by Smeets 
and Brenner’s (1999) theory of grasping. This chapter attempted to clarify the 
reason for this difference by considering the effects of a pictorial illusion. The 
ventral stream is hypothesised to be more susceptible to pictorial illusions than 
the dorsal stream, therefore similar effects of illusions on responses towards 2D 
and 3D targets would suggest that similar visual processes drive these responses. 
This chapter looked at patterns of grasping to 2D and 3D stimuli contained within 
the Titchener Circles illusion. The effect of illusions on grasping towards 2D and 
3D targets has not been previously investigated, despite the fact that 2D targets 
have been used in studies of perception and action.

Aglioti et al. (1995) first used the Titchener Circles illusion to investigate the 
dissociation between perceptual judgement and action. As described previously, 
this is an illusion in which a centre target circle surrounded by small circles 
appears to be larger than a target circle surrounded by large circles (see figure
7.1). Subjects’ grip was found to be scaled to the real size of the disks, although 
their subjective perception of the illusion, as measured by their choice of which 
disk to pick up, was susceptible to the illusion.
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Haffenden and Goodale (1998) replicated this study using an open-loop design, 
and manual estimation as a perceptual measure. The results confirmed Aglioti 
et al.'s (1995) findings that action was much less affected by an illusion than 
perceptual judgement.

d o P  çpo

Figure 7.1: Illustration of the Titchener Circles illusion

If grasping to 2D and 3D targets elicits behaviour that is based on similar driving 
mechanisms, one would expect to find the same pattern of illusion effects on 
perceptual judgement and action towards these two types of target. This was 
investigated in Experiment 5.

7.1.1 The effect of delay

Experiment 6 investigated the effect of delay on grasping to 2D and 3D versions 
of the Titchener Circles illusion.

The visuomotor representation encoded in the dorsal stream is hypothesised to be 
constructed online with reference to the viewer. As the position and location of 
a goal object in the action space of an observer is rarely constant, computations 
of veridical size and distance with respect to the viewer must be carried out each 
time an action occurs. Even during a single action the computations must be 
constantly updated, as the coding of an object’s properties with respect to the 
viewer will change as the viewer moves. For this reason the representation of 
the visual target encoded by the dorsal stream is likely to be short-lived; as soon 
as the viewer moves the current representation is out of date. Introduction of a 
delay between viewing an object and grasping it therefore means that the dorsal
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stream representation may no longer be available to drive the action, and the 
visuomotor system must fall back on the ventral stream representation, which is 
susceptible to illusions.

Gentilucci et al. (1996) oriented the Muller-Lyer illusion along subjects’ sagit
tal plane and studied pointing towards the more distant vertex under conditions 
with varying amounts of memory requirements. The illusion effect on pointing 
increased as the action became more reliant on memory, with the greatest effect 
found in the 5 second delay condition. Westwood et al. (2000b, 2001) studied 
delayed grasping of a Miiller-Lyer figure and found that grip scaling was more 
sensitive to the illusory dimensions in delayed grasping than in closed-loop grasp
ing.

Memory-driven grasping has been hypothesised to rely on ventral stream func
tion, and shows an illusion effect (Gentilucci et al, 1996; Westwood et al, 2000b). 
Goodale et al. (1994a) argued that pantomimed grasping, in which a subject 
reaches as if to grasp an object which is placed just to one side, is fundamen
tally different to natural grasping. Their findings were largely supported by the 
experiments described in the previous chapter. Patient D.F., who has damage 
to the ventral stream, can make accurate natural grasping actions. However, if 
a delay is introduced, or if D.F. is required to make a pantomimed reach, she is 
severely impaired (Goodale et a l, 1994a), supporting the hypothesis that actions 
in these circumstances depend on ventral stream function. However, when D.F. 
was asked to reach underneath a table to an object placed on top of the table, 
she was accurate (Milner, 2000). A recent study has also indicated that D.F. can 
make accurate grasps to 2D images of objects (Westwood, Danckert, Servos and 
Goodale, 2002). This suggests that what is important for an action to be driven 
by the dorsal stream is not that the object can be grasped, but that the action 
is goal-directed.

7.1.2 The present studies

Previous studies investigating grasping actions towards the Titchener Gircles il
lusion have used 3D objects as the centre circles, that is, thin disks. The present 
studies investigated whether grasping requires that the target can be grasped (i.e.
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3D and physically present). While it is suggested that different visual information 
is used by the dorsal and ventral visual streams, the precise cues used by each 
stream have not yet been well investigated. ‘Pictorial’ cues such as overlap, per
spective, shading and texture, which involve a comparison of targets relative to 
one another and to other parts of the visual scene, may be important for ventral 
stream processing (see section 2.4.2). Sources of absolute, veridical information 
such as stereopsis (M arotta et ai, 1998) and motion parallax (Dijkerman et ai, 
1999) have been suggested as important factors in the function of the dorsal 
visuomotor stream.

In the two experiments reported in this chapter, the effect of the Titchener Cir
cles illusion on grasping towards 2D or 3D targets was investigated, in order to 
begin to study the visual requirements for an action to be driven by the dorsal 
stream. An obvious factor which may be of importance is the physicality and 
three-dimensionality of the target object. This may be very important to the 
visuomotor system guiding a grasp towards the object, but it may not be of great 
significance to a visual system guiding perceptual judgement and recognition. 
While the visual information provided by 3D targets and 2D images of those tar
gets (in this case line drawn circles) is likely to differ in many ways, one major 
cue which is lacking in a 2D object is stereoscopic information specifying that the 
target extends in depth (and is ‘graspable’). If stereoscopically specified depth is 
critical for dorsal stream coding, it should not be possible for the dorsal stream to 
dominate in guiding an action towards a 2D target in which stereoscopic informa
tion specifies flatness and lack of relief. However, a demonstration that grasping 
to 2D and 3D targets does not differ with respect to the illusion would validate 
other studies which have used 2D stimuli without empirical evidence to justify 
their use. For example, Vishton et al. (1999) studied grasping and perceptual 
judgement using the horizontal-vertical illusion. Their stimuli were 2D, drawn on 
paper, and it has not yet been demonstrated that grasping to 2D and 3D stimuli 
is identical.

Chapter 6 found that maximum in-flight grip aperture was substantially smaller, 
and reached proportionally later, when the target was a 2D image than when it 
was a 3D object. However, this does not necessarily mean that grasping towards 
2D targets is driven by qualitatively different visual information than grasping
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towards 3D targets. Smeets and Brenner’s (1999) theory of grasping offers a 
possible alternative explanation; the grasp is formed in a different manner as a 
result of the characteristics of the target to be grasped. It is possible that grasps to 
both target types are driven by dorsal stream representations, but show kinematic 
differences because of the nature of the grasp required. If grasping to 2D and 3D 
targets is fundamentally the same, depending on the same representations and 
visual mechanisms, grasping to 2D targets should also show the same pattern 
of effects seen in grasping towards 3D targets in visual illusions. Experiment 5 
replicated studies of the dissociation between perceptual judgement and action 
using both 2D circles and 3D disks as the centre targets and predicted that both 
would show an effect of the illusion on perceptual judgement but not on grasping.

Experiment 6 investigated the effect of delay on grasping towards 2D and 3D 
targets in the Titchener Circles illusion with two aims. One was to replicate 
Gentilucci et a/.’s (1996) findings of the effect of delay on action using grasping 
towards the Titchener Circles illusion. The second aim was to investigate whether 
the differential effect of the illusion on delayed and immediate grasping is also 
seen for a 2D target. Grasping towards both 2D and 3D stimuli is goal-directed, 
however only the 3D stimulus can actually be grasped. If goal-directed action is 
the vital factor for dorsal stream function, the same pattern of effects should be 
seen in grasping to 2D and 3D targets in the Titchener Circles illusion, with and 
without a delay. Specifically, it was predicted that both 2D and 3D targets would 
show little or no illusion effect with immediate grasping, but a large illusion effect 
when a 3 second delay was introduced.

Some methodological issues raised since Aglioti et aUs (1995) study were also 
addressed here. As a consequence of suggestions that the results found by Aglioti 
et al. (1995) may be due to subjects scaling their grip during the approach to the 
target (Haffenden and Goodale, 1998), a visual open-loop procedure was used, 
in which subjects had no visual feedback of the target or their hand during the 
movement. Mon-Williams and Bull (2000) also suggested that action may show 
a reduced illusion effect because part of the illusion display is obscured by the 
reaching hand. Therefore the open-loop procedure used here required subjects 
to reach (and make manual estimates) in darkness, so that vision of the target 
was equivalent in the two conditions. The possibility tha t differences between
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perceptual estimation and grasping are in fact the result of attentional differences 
between the two tasks has also been raised. Pavani et al. (1999) have suggested 
tha t in the perceptual judgement task subjects must make a comparison of the 
two targets, while in the grasping task subjects can focus on only one part of the 
display, ignoring the other display and thus reducing the illusion effect. Franz 
et al. (2000) reported that when subjects made a perceptual judgement of only 
one target within the array, rather than a comparison, the illusion effect was 
reduced. To avoid differential effects of attention, subjects in these experiments 
were not required to make any explicit judgement about whether the disks were 
the same or different sizes in the manual estimation tasks. Instead, they were 
merely required to estimate the target disk in the left or right hand array of 
circles. The instruction as to which disk to grasp/estimate was also not given 
until the end of the 2 second viewing period, in an attem pt to ensure that in 
all conditions subjects surveyed the whole display, rather than concentrating on 
any one aspect. In addition, to avoid the possibility of finding a ‘false’ illusion 
effect on grasping due to non-illusory effects of obstacles (Haffenden and Goodale, 
2000b; Haffenden et ai, 2001), the distance between the target and flankers in 
stimuli used in the current experiments was always kept constant.

183



7. Experiments 5 6 - Illusion Studies using 2D and 3D Targets

7.2 Experiment 5: Grasping and manual
estimation of 2D and 3D targets in the 

Titchener Circles illusion

7.2.1 Method

7.2.1.1 Design

This was a repeated measures design, each subject performing every condition. 
Each subject performed a total of 64 trials, in 4 blocks of 16 randomly ordered 
trials each, 2 consisting of grasping trials, and 2 consisting of manual estimation 
trials. Within each block the type of target (2D or 3D), position of the target 
(left or right annulus), size of the target (40mm or 50mm) and size of annulus 
circles surrounding the target (large or small) was counterbalanced, as was order 
of presentation of the blocks. Central targets within each of the two annuli of 
circles in the illusion were always identical in diameter, either 40mm or 50mm.

7.2.1.2 Subjects

Subjects were 18 volunteers, all staff, undergraduate or postgraduate students at 
the University of London. Of these, 5 subjects’ stereoscopic vision fell below the 
required criterion (120 sec of arc). Subjects who failed to meet the stereoacuity 
criterion completed the experiment, but their data were not further analysed for 
the purpose of this thesis. Data were analysed from 13 subjects, 6 males and 7 
females. All had normal or corrected-to-normal vision and stereoacuity within 
the normal range, as measured by the TNG test for stereoscopic vision. The 
mean age was 27.54 years (range 18 - 38 years ). Subjects were paid for their 
time and were fully debriefed at the end of the experiment.
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7.2.1.3 Apparatus and Materials

3D  stim u li:  2 disks of 50mm diameter and 2 disks of 40mm diameter were made 
out of 3mm thick white plastic with a thin black line drawn around the circum
ference of the top surface. These were used as the centre circles in the Titchener 
Circles display. The Titchener Circles illusion was printed on landscape-oriented 
A3 paper fixed to card. The annuli of circles were printed in Ip t thick black lines.

72mm
13mm

50mm'
—  - I -

68mm 8mm

b !o '

160mm

72mm

40mm

150mm

Figure 7.2: Dimensions of Titchener Circles stimuli used with (a) 50mm targets 
and (b) fOmm targets

For large (50mm diameter) targets, there were 13 circles in the annulus of small 
circles, each of 13mm diameter, and 5 circles in the annulus of large circles, each 
of 72mm diameter. The diameter of the inner edge of the annulus was 68mm in
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both cases, so the distance of the surrounding circles from the target was 9mm, 
identical for both the annulus of large and small circles. The midpoints of the 
two centre circles were 160mm apart (see figure 7.2).

Annuli of circles for small (40mm diameter) targets were of identical dimensions, 
but here the diameter of the inner edge of the annuli was 58mm, so the distance 
of the surrounding circles from the target was again 9mm. The midpoints of the 
2 centre circles were 150mm apart (see figure 7.2).

2D  s tim u li:  In the 2D condition the stimuli were exactly the same as in the 
3D condition, except tha t the centre circles in the Titchener Circles illusion were 
printed on the paper in Ip t thick lines. The dimensions of the target circles and 
annuli were identical in all other ways to those in the 3D condition.

O p en -lo o p  p ro ce d u re :  In order to ensure trials were performed in visual open- 
loop conditions, a lamp was used which was operated by pressing a button. Sub
jects began each trial pressing down this button. As soon as the subject moved 
his/her hand to begin a reach or estimate, the lights were extinguished, so trials 
were performed in the dark with no visual feedback of the target or hand.

7.2.1.4 Procedure

A lamp was positioned so that light shone directly down onto the stimulus. The 
button controlling the lamp was positioned 60mm from the edge of the table in 
front of the subject. The refiective markers tracked by the ELITE system were 
taped to the corner of the nail on the index finger and thumb of the subject’s 
dominant hand.

Subjects began each trial with their eyes closed, and with the index finger and 
thumb close together, pressing down the button in front of them. Subjects stood 
directly in front of the button so that it was positioned on their sagittal plane. 
The stimulus was placed so that the two centre circles were equal distances from 
the line of the subject’s sagittal plane. The near edge of the display card was 
180mm from the centre of the starting button, so tha t the midpoints of the centre 
circles lay along a line 325mm away from the centre of the starting button.
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G ra sp in g  co n d itio n
3D targets: The subject was instructed to open his/her eyes, given 2 seconds 
viewing time, and then given the verbal cue, “grasp the left” or, “grasp the right” . 
The subject’s task was to reach out and grasp the disk as if s/he was going to pick 
it up with the index finger and thumb in a precision grip. The subject actually 
grasped the disk, but was instructed to remain in this position, and not to lift it 
off the table surface. Subjects were told to grasp the disk naturally, placing their 
finger and thumb in whatever positions were most comfortable. For most subjects 
these were the one and seven o’clock positions for the index finger and thumb 
respectively. The subject was instructed to  reach as soon as the verbal cue was 
given, and was not allowed to choose when to begin the movement. As subjects 
began to reach, the button was released, so the entire movement was performed 
in darkness. Positions of the fingers were recorded for 3 seconds, beginning from 
just before the instruction was given as to which disk was the target.

2D targets: The procedure was identical for 2D and 3D targets, except that when 
the target was 2D the subject was instructed to reach out as if  to grasp a real 
disk. In this case, the subject stopped when his/her fingers touched the (flat) 
surface of the stimulus.

Subjects were given at least 2 practice trials, one to a 2D target and one to a 3D 
target.

E s tim a tio n  co n d itio n
The setup in the manual estimation condition was identical to that in the grasping 
condition. The procedure was identical for 2D and 3D targets. Subjects were 
instructed to open their eyes, given 2 seconds viewing time, and then given the 
verbal cue, “estimate the left” or, “estimate the right” . Subjects were required to 
immediately raise their hand so that the light was extinguished, and open their 
index finger and thumb to match the diameter of the target. It was emphasised 
that subjects should not move towards the target, but should simply raise their 
hand up a few centimetres. Subjects opened their finger and thumb to an estimate 
that they were happy with, and then held this estimate as still as possible until 
they were told the computer had stopped recording. Positions of the fingers were 
recorded for 6 seconds, beginning from just before the instruction was given as
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to which disk/circle was the target.

7.2.2 Results

7.2.2.1 Data collection and manipulation

Each subject performed 4 grasps and 4 estimates to each stimulus configuration 
in each condition. These were averaged for each subject, and data were collapsed 
across target size^.

7.2.2.2 Grasping condition

Data were recorded for 3 seconds, and coordinates from the markers were trans
formed into a measure of the aperture (separation between the x, y and z coor
dinates of the markers on the thumb and index finger). The measurement of x, y 
and z velocity of the index finger marker at each frame was transformed to give 
the resultant velocity of the wrist throughout each trial.

Large Surrounding Circles Sm all Surrounding Circles
3D 63.841 (±1.486) 64.878 (±1.421)
2D 52.192 ±2.293) 53.600 (±2.241)

Table 7.1: Mean ( i  standard error) maximum aperture (mm) in grasping

Table 7.1 shows mean maximum aperture for immediate grasping to 2D and 3D 
targets. Figure 7.3 represents this graphically. As can be seen from the graph, 
subjects made larger grasps overall to 3D than to 2D targets. However, grasps 
to both 3D and 2D targets within annuli of small and large circles appear to be 
very similar.

A 2x2 repeated measures ANOVA with factors dimension (2D/3D) and annulus 
size (large/small) showed a significant effect of dimension (F(l,12) =  74.877, 
p<0.001). Subjects made larger grasps to 3D targets than to 2D targets, as 
figure 7.3 and representative grip profiles (figure 7.4) illustrate. However, there 
was no significant effect of annulus size and no interaction. Although subjects

^See Appendix F for full tables of mean data and ANOVA summary tables
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made larger grasps overall to 3D than 2D targets, they made grasps of equivalent 
sizes to targets within annuli of large and small circles. This indicates that there 
was no illusion effect on grasping to either 3D or 2D targets.

70 - 

/g' 65 - 

^  60 -

I 50 - 
B

45 -

3D target

□  Large annulus 

■  Sm all annulus

X

2D target

Figure 7.3: Mean (3z standard error) maximum aperture (mm) in the grasping 
condition averaged across target size

60-
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40-

3D

2D
30-

<  20 -

2.4

Time (seconds)

Figure 7.4-' Representative grip profiles for one subject grasping a 2D and SD 
target
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7.2.2.3 Estimation condition

Data were manipulated in the same way as for the grasping condition. Record
ings were taken for 6 seconds, and the aperture between the index finger and 
thumb markers was calculated. This resulted in 300 measurements of the sub
ject’s manual estimation on each trial. The first 50 frames were ignored, as it 
took most subjects at least 1 second to raise their hand and begin to make their 
estimate. From the remaining 250 frames, the mean aperture was found for the 
50 consecutive measurements (i.e. 1 second) with the smallest range and stan
dard deviation. On the few occasions when the minimum range exceeded 3mm, 
the range of a smaller number of consecutive frames was taken, to a minimum of 
30 frames, or 0.58 seconds.

L arge  S u rro u n d in g  C ircles Sm all S u rro u n d in g  C ircles
3D 52.615 (±  3.049) 54.897 (±  3.297)
2D 51.050 (±  3.048) 54.712 (±  3.559)

Table 1.2: Mean (=t standard error) aperture (mm) in manual estimation

Table 7.2 shows mean manual estimation to 2D and 3D targets. Figure 7.5 
represents this graphically, and suggests that in the case of manual estimation 
there was a difference between estimates made to targets within annuli of small 
and large circles, with subjects making larger estimates to targets within small 
circles than to those within large circles, as would be predicted by the illusion.

A 2x2 repeated measures ANOVA with dimension (2D/3D) and annulus size 
(small/large) as factors showed a significant effect of annulus size (F(l,12) =  
15.622, p<0.01). Subjects made larger grasps to targets within an annulus of 
small circles than to targets within an annulus of large circles, as illustrated 
by figure 7.5. The non-significant effects of dimension and the non-significant 
interaction indicate tha t while there was an illusion effect, this was equivalent for 
2D and 3D targets, and the overall size of estimates did not differ between the 2 
types of target.

Experiment 2 (Chapter 5) showed that maximum in-flight aperture increases 
as object sizes increases at a similar rate to tha t seen for manual estimation. 
Therefore for a given change in object size, the change in manual estimation and
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Figure 7.5: Mean (± standard error) aperture (mm) in manual estimation 
averaged across target size

maximum in-flight grip aperture will be similar. This means that it is acceptable 
to compare the magnitude of illusion effects in these 2 different measures. In order 
to obtain a measure of illusion size, the percentage expansion in grip aperture 
or manual estimation for the target within small circles compared to the target 
within large circles was calculated, by dividing the difference between the two 
targets by the mean grasp/estimate of the target within large circles. For 2D 
targets, the illusion size for grasping was only 2.70%, while the illusion size in 
manual estimation was 7.17%. For 3D targets, the illusion size for grasping was 
only 1.62%, while the illusion size in manual estimation was 4.34%. For both 
manual estimation and grasping, the illusion size in estimation was more than
2.5 times bigger than the illusion size in grasping.

7.2.3 Discussion

Subjects were found to be affected by the Titchener Circles illusion when making 
estimates of the size of the central target, but were unaffected when making grasps 
towards the same targets. This was found irrespective of whether the target was 
2D or 3D. Maximum in-flight grip aperture was found to be larger overall when 
grasping 3D targets as opposed to 2D targets, so there do appear to be some 
differences between grasping 2D and 3D stimuli. A comparison of figures 7.3 and
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7.5 shows tha t the size of manual estimation and the size of maximum aperture 
when grasping a 2D target were similar. It could be argued that this indicates 
that grasping actions directed towards 2D targets are essentially estimates of size 
performed at a more distant location, since it is impossible to actually grasp 
the 2D target. However, the fact that the same pattern of dissociation between 
illusion effects on perceptual judgement and action was found for both 2D and 
3D targets suggests that this is not the case, and that actions towards both types 
of target are driven by the same fundamental underlying representations.

In order to investigate this further and to attem pt to strengthen the proposal 
that 2D and 3D grasping is based on the same visual processing, the effect of 
delay was studied in Experiment 6. Delayed grasping is thought to depend on 
the more enduring representations encoded by the ventral stream, since the visuo
motor representations of the dorsal stream are encoded online and decay rapidly. 
Therefore, if 2D grasping, like 3D grasping, is based on the dorsal visuomotor rep
resentations, it should show also an illusion effect with delayed but not immediate 
grasping.
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7.3 Experiment 6: The effect of delay in grasping 
2D and 3D targets in the Titchener Circles 

illusion

7.3.1 Method

7.3.1.1 Design

Again 4 blocks of trials were used. In Experiment 6, 2 of these consisted of 
immediate grasping trials, and 2 consisted of delayed grasping trials. In all other 
ways the design was identical to Experiment 5.

7.3.1.2 Subjects

Subjects were 16 volunteers, all staff, undergraduate or postgraduate students at 
the University of London. Of these, 2 subjects’ stereoscopic vision fell below the 
required criterion (120 sec of arc). Subjects who failed to meet the stereoacuity 
criterion completed the experiment, but their data were not further analysed for 
the purpose of this thesis. Data were analysed from 14 subjects, 2 males and 12 
females. All had normal or corrected-to-normal vision and stereoacuity within 
the normal range, as measured by the TNG test for stereoscopic vision. The 
mean age was 25.71 years (range 20 - 50 years). Subjects were paid for their time 
and were fully debriefed at the end of the experiment.

7.3.1.3 Apparatus and Materials

Apparatus and materials were identical to those used in Experiment 5 (see figure
7.2).
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7.3.1.4 Procedure

Im m ediate grasping condition
The procedure in the immediate grasping condition was identical to Experiment
5.

Delayed grasping condition
In the delayed grasping condition, a delay was introduced between the subjects’ 
viewing of the stimulus and their response. Subjects began in the same position 
as for immediate grasping, with their eyes closed and their index finger and thumb 
pressing down the button. However in this case the button did not control the 
light, and this was extinguished by the experimenter before the delay period. The 
subject was instructed to open their eyes, given 2 seconds viewing time, and then 
given the verbal instruction, “grasp the left” or, “grasp the right” . After this cue 
the lights were extinguished and the subject was required to wait for 3 seconds 
before a verbal cue, “go” , on which they reached out and grasped the target disk 
(if the target was 3D) or reached out as if to grasp a real disk (if the target 
was 2D). Movements were recorded for 6 seconds, beginning from just before the 
instruction was given as to whether the target was the left or right.

7.3.2 Results

7.3.2.1 Data collection and manipulation

Each subject performed 4 grasps to each stimulus configuration in each condition. 
These were averaged for each subject. Again, data were collapsed across size^.

Data manipulation was essentially identical to tha t of the grasping condition in 
Experiment 5.
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Large Surrounding Circles Small Surrounding Circles
3D 62.219(±1.702) 62.577(±1.921)
2D 49.670(±2.093) 50.701(±2.019)

Table 7.3: Mean (± standard error) maximum aperture (mm) in immediate 
grasping

7.3.2.2 Immediate grasping condition

Table 7.3 shows mean maximum apertures for immediate grasping to 2D and 3D 
targets. Figure 7.6 represents this graphically. As can be seen from the graph, 
subjects made larger grasps overall to 3D than to 2D targets. Grasps to both 3D 
and 2D targets within annuli of small and large circles appear to be very similar.
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Figure 7.6: Mean (3z standard error) maximum aperture (mm) in immediate 
grasping averaged across target size

A 2x2 repeated measures ANOVA performed on this data with dimension 
(2D/3D) and annulus size (small/large) as factors found a significant effect of 
dimension (F(l,12) =  30.693, p<0.001). Subjects made larger grasps overall to 
3D targets than 2D targets, as illustrated by figure 7.6. However, there was 
no significant effect of annulus size and no interaction. Although subjects made 
larger grasps to 3D than 2D targets, there was no difference between grasps made 
to targets within small and large circles. This indicates that there was no illusion

^See Appendix G for full tables of mean data and ANOVA summary tables
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effect on immediate grasping to either 2D or 3D targets.

The results of the immediate grasping condition in Experiment 6 replicate the 
results of the identical grasping condition in Experiment 5, which also found that 
there was no illusion effect on grasping to either 2D or 3D targets (compare figure
7.6 with figure 7.3).

7.3.2.3 Delayed grasping condition

Data were manipulated in the same way as for the immediate condition. Record
ings were taken for 6 seconds, and the portion of the recording showing the 
movement from beginning to end was identified. For each trial the point at which 
index finger velocity exceeded 50mm/s for 5 consecutive frames was calculated 
and the movement was considered to commence on the first of these 5 frames. The 
movement was considered to end when index finger velocity fell to under 50mm/s 
for 5 consecutive frames. The maximum aperture from this was extracted.

L arge  S u rro u n d in g  C ircles Sm all S u rro u n d in g  C ircles
3D 66.453 (±1.581) 68.042 (±1.861)
2D 51.788 (±1.591) 54.153 (±1.703)

Table 7.Ĵ : Mean (it standard error) maximum aperture (mm) in grasping after 
a 3 second delay

Table 7.4 shows mean maximum aperture for delayed grasping to 2D and 3D 
targets. Figure 7.7 represents this graphically. As can be seen from the graph, 
subjects again made larger grasps overall to 3D than to 2D targets. However, 
there seems to be a small illusion effect for both 2D and 3D targets, with grasps 
to targets within an annulus of small circles having a larger maximum aperture 
than grasps to targets within an annulus of large circles.

A 2x2 repeated measures ANOVA was performed on this data with dimension 
(2D/3D) and annulus size (small/large) as factors. There was a significant effect 
of dimension (F(l,13) =  96.213, p<0.001). Subjects again made larger grasps 
to 3D than 2D targets overall, as can be seen in figure 7.7. There was also 
a significant effect of annulus size (F (l,13) =  5.665, p<0.05), indicating that
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Figure 7.7; Mean (̂ ± standard error) maximum aperture (mm) in grasping after 
a 3 second delay, averaged across target size

subjects made larger grasps overall to targets within small circles than targets 
within large circles. The non-significant interaction indicates that this illusion 
effect occurred for both 2D and 3D targets.

A 2x2x2 ANOVA comparing the delay and immediate grasping conditions in the 
same analysis did not result in the expected task x annulus interaction. There was 
a significant effect of condition (T(l,13) = 13.951, p<0.005), dimension (F(l,13) 
=  57.388, p<0.001) and annulus size (F(l,13) =  9.413, p<0.01). Maximum 
aperture was greater in delayed that in immediate grasping, and greater for 3D 
than 2D targets. However, the significant effect of annulus size, and lack of 
any significant interactions, suggest that an illusion effect was found for both 
immediate and delayed grasping. The results of Experiment 6 cannot therefore 
be considered to be strong evidence that there is an illusion effect on action in 
delayed but not immediate grasping. However, the results of the separate analyses 
on the two types of grasp indicate that this interaction may reach significance 
with a larger sample size, and do support the results of Experiment 5 in the 
general conclusion that grasping to 2D and 3D targets does not differ in terms of 
the effects of a pictorial illusion.

The comparative illusion sizes for each condition were again calculated in terms 
of the percentage expansion in grip aperture for the target within small circles
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compared to the target within large circles. For immediate grasping, the illusion 
sizes for 3D and 2D targets were 0.58% and 2.08% respectively. While smaller 
than in manual estimation, illusion sizes were at least twice as large in delayed 
grasping than in immediate grasping, at 2.39% and 4.57% for 3D and 2D targets 
respectively.

7.3.3 Discussion

The results of Experiment 6 suggested that delayed grasping to both 2D and 3D 
targets in the Titchener Circles display was affected by the illusion, but there was 
some suggestion that immediate grasping was relatively immune to the illusory 
distortions.

Again grasping to 3D targets showed larger maximum apertures than grasping 
to 2D targets, but the expected dissociations between delayed and immediate 
grasping were found for both types of stimuli. This provides further support for 
the proposal that immediate grasping actions towards both 2D and 3D targets 
are reliant on the functioning of the dorsal visuomotor system.

7.4 General Discussion

The results of these two experiments clearly showed that the Titchener Circles 
illusion exerted the same patterns of influences on 2D and 3D targets. Manual es
timation and delayed grasping showed an effect of the illusion, however immediate 
grasping did not.

Experiment 5 has provided support for the findings of previous studies which 
have suggested that there is a dissociation in the effect of visual illusions on per
ceptual judgement and action (e.g. Aglioti et a i, 1995; Haffenden and Goodale, 
1998; Gentilucci et 1996). In addition, this dissociation was found both when 
the targets were 2D and when they were 3D. This suggests that ventral stream 
representations underlie perceptual judgement, as measured by manual estima
tion, for both 2D and 3D stimuli. This was expected, as the ventral perceptual 
system is hypothesised to code size and distance of objects in an array relative
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to each other. It was not expected that the three-dimensionality of an object 
would be of great importance to the ventral stream, and indeed estimates of the 
size of 2D and 3D targets showed no differences in magnitude. We can make per
ceptual judgements of objects without needing to interact with them in any way. 
However, what was of interest was whether the three-dimensionality of an object 
would have an effect on an action performed towards it. To some extent, the 
answer to this question was yes, as maximum in-flight grip aperture was larger 
when grasping 3D than 2D targets. This was also found in Chapter 6; compare 
the difference between maximum aperture in grasps towards 2D and 3D targets 
in figures 6.3a and 6.6a with tha t in figures 7.3 and 7.6. Again, this difference 
between maximum aperture for 2D and 3D targets can be explained by Smeets 
and Brenner’s (1999) theory of grasping. The fingers are proposed to move to 
positions on a target with the general rule that trajectories approach surfaces 
more or less perpendicularly. The grasping surface of a 3D disk is the side of 
the object, whereas the grasping surface of a 2D target is a flat surface, so the 
fingers must open wider for a 3D target in order for them to approach the sides 
orthogonally.

However, no illusion effect was found for either target type; subjects scaled their 
grip to the physical size of the targets rather than their illusory size. This suggests 
tha t while there are some differences between grasping 2D and 3D targets, the 
fundamental underlying mechanisms driving the actions are the same, and a single 
representation of size is used.

Experiment 6 provided some further evidence that grasping after a delay is af
fected by pictorial illusions. Although this suggestion is tentative given the re
sults described, it is consistent with the findings of Gentilucci et al. (1996) and 
Westwood et al. (2000b, 2001). Gentilucci et al. (1996) used pointing actions to
wards 2D versions of the Miiller-Lyer illusion, so the present findings suggest that 
this dissociation between illusion effects on immediate and delayed actions can 
be extended to grasping actions. Westwood et al. (2001) compared closed-loop, 
open-loop (using a similar procedure to that used here, where vision of both hand 
and target is occluded), brief delay and 2 second delay. They found an effect of 
the Miiller-Lyer illusion on grasping in all conditions, but the effect was much 
smaller in the closed-loop condition than in any of the other conditions, which did
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not differ from each other. Another study of grasping to the Miiller-Lyer illusion 
by Daprati and Gentilucci (1997) also found an effect on grasp, although smaller 
than that on perceptual judgement tasks. It is possible that these small effects 
on immediate grasping may be explained by nonillusory effects of the displays. 
Haffenden and Goodale (Haffenden and Goodale, 2000b; Haffenden et ai, 2001) 
found that small effects of the Titchener Circles illusion on grasp were a result of 
the different distances between the target and flankers in the two arrays of circles 
in the display. The fact tha t no effect of the illusion was found on immediate 
grasping in either experiment reported here supports the hypothesis that previ
ous (small) effects of the Titchener Circles illusion on action were actually due to 
nonillusory effects of the positions of flankers. It is possible that the Miiller-Lyer 
figure with outgoing fins led subjects to open their grip wider as if to grasp the 
whole array, whereas the figure with ingoing fins led subjects to narrow their grip 
so as to avoid the ‘obstacles’ presented by the fins.

Experiment 6 also suggested that the expected dissociation in illusion effects be
tween immediate and delayed grasping are also found for both 2D and 3D targets. 
Again, as in Experiment 5, grip aperture was larger for 3D than for 2D targets, 
but an illusion effect was seen only in delayed grasping in both cases. This 
strengthens the findings of Experiment 5, and the results of both studies provide 
strong evidence that grasping towards a 2D stimulus is based on similar visuo- 
motor representations as grasping towards a 3D stimulus. According to Smeets 
and Brenner’s theory, the finger and thumb trajectories are programmed inde
pendently to different locations. This does not mean that grip aperture cannot 
be affected by an illusion under certain conditions. Under delay conditions, grip 
aperture is still larger when the target to be grasped is 3D than when it is 2D. 
It is suggested that this is due to the manner in which the grasp is programmed. 
The introduction of a delay means that ventral stream information (affected by 
the illusion) is used to inform the motor system of the locations to which the 
fingers must be guided.

It has been suggested that an important source of veridical visual information 
for the dorsal stream may be stereoscopic information. D .F.’s ability to orient 
her grip is severely impaired relative to normal controls under monocular viewing 
conditions (Dijkerman et a i, 1996; Garey et ai, 1998), and M arotta et al. (1998)
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found that normal subjects were more susceptible to illusions when grasping under 
monocular conditions. While stereoscopic information was available in this study, 
it specified something very different for the 2D and 3D targets. In the case of 
the 3D target, stereoscopic information specified that the target was a shallow 
cylindar which could be grasped. In the case of the 2D target, it specified only 
a flat surface and lack of relief. The present study suggests tha t stereoscopic 
information does not need to specify 3D depth and shape in order for the dorsal 
stream to dominate in guiding grasping actions towards a target.

A recent study has also investigated grasping to 3D targets and 2D images. West
wood et al. (2002) also reported tha t peak aperture was greater for 3D than for 
2D targets in normal subjects. Patient D.F. was found to scale her grip to object 
size for 3D, 2D and enhanced 2D (photographic) targets, although she showed no 
difference in magnitude of maximum aperture during grasping to 2D and 3D tar
gets. Westwood et al. (2002) suggested that there may be a different visuomotor 
strategy for 2D and 3D targets, probably based on the perceptual processing of 
the ventral stream. They suggested that in normal subjects the ventral stream 
may participate in both selection and control of grasping movements to 2D im
ages. In D.F. this cannot occur, and therefore her grip apertures looked similar 
for both 2D and 3D targets.

However, Westwood et al. (2002) did not study conditions in which the ventral 
stream is proposed to drive action (i.e. pantomimed or delayed action). The 
experiments described in this chapter directly compared conditions in which the 
dorsal stream is proposed to dominate in guiding performance (immediate grasp
ing) with conditions in which the ventral stream is proposed to play a major role 
(manual estimation and delayed grasping). The results suggest that the ventral 
stream may be involved in selection of action only. In other words, the selection 
of a 3D grasp, placing fingers on the edges of the target, or a 2D ‘grasp’ placing 
fingers at points on the display surface, may be guided by ventral stream process
ing. However, as the ventral stream is sensitive to illusions, it seems unlikely that 
ventral stream representations play a role in the control of grasping movements to 
2D targets, since these are not subject to illusory effects. This would also explain 
why D.F. does not show a difference in maximum aperture during grasps to 2D 
and 3D targets; as she has an impaired ventral stream, the type of grasp to use
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when presented with a 2D and 3D target is not differentially specified, and they 
are treated in a similar manner.

One point that should be raised concerns the open-loop procedure. In the current 
study an open-loop procedure was used, in which subjects performed actions 
or perceptual judgements in the dark, with no visual feedback of the hand or 
the stimulus from the point at which movement was initiated. Westwood and 
colleagues have reported finding illusion effects on grasping towards Miiller-Lyer 
figures in a similar open-loop procedure (Westwood et al, 2000a), and reported 
that this effect did not differ to that found in brief delay condition and a 2 second 
delay condition (Westwood et al, 2001). The only condition in which they found 
no illusion effect on grasping was in a closed-loop, full vision condition. The 
current experiments did not support the suggestion that illusions exert an effect 
under open-loop conditions. No effect of the illusion on immediate grasping was 
found in either Experiment 5 or 6, both of which used an open-loop procedure 
in which neither the hand nor the stimulus was visible throughout the entire 
movement. This is also consistent with several other studies which have found 
no, or a very small, illusion effect on grasping using similar open-loop procedures 
(e.g. Gentilucci et al, 1996; M arotta et al, 1998; Haffenden and Goodale, 1998; 
Haffenden et al, 2001). It is unclear how the results of Westwood et al (2000a) 
and Westwood et al (2001) can be reconciled with these findings.

Westwood et al (2001) suggested that their longer (2 second) duration of target 
viewing in comparison to other studies may have accounted for these findings, 
either by interfering with visuomotor properties while the subject waited before 
initiating movements, or by allowing time for explicit perceptual analysis of the 
target. The current study does not support this hypothesis, as in both Experi
ments 5 and 6 the viewing period was 2 seconds, yet no illusion effect was found 
for immediate grasping.

The current experiments found no differences in the differential effects of illusions 
on 2D and 3D stimuli, although it should be noted that only a very small subset 
of possible 2D and 3D stimuli were used here. Westwood et al (2002) used a 
set of rectangular white blocks 1cm tall, and 2D images of the blocks, and found 
similar effects on normal participants as described in Chapter 6. That is, subjects
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scaled their grip appropriately for object size, but maximum aperture tended to 
be larger for 3D targets. However, only a very limited subset of possible object 
types have been studied, and investigations of other types of stimuli are needed 
before it can be concluded that grasping towards 2D stimuli in general is driven 
by the same visuomotor mechanisms as grasping towards 3D stimuli. Future 
research also needs to investigate what information is required for an action to be 
driven by the dorsal stream. Does the dorsal stream still dominate in driving an 
action towards a 2D image if the image is degraded in some way? For example, 
the boundary could be blurred, or the target could be defined by a change in 
texture. In this latter case, the target would be defined by what is suggested to 
be a ventral stream cue (Goodale and Milner, 1992; Milner and Goodale, 1995). 
Pictorial cues such as texture, interposition, familiar size and perspective provide 
information about objects and their relative sizes, shapes and location. However, 
the dorsal visuomotor system requires reliable accurate information as to size and 
distance, and is therefore likely to ignore pictorial cues.

The suggestion that grasping to 2D and 3D targets may be similar provides a 
potential way to investigate further precisely what visual information is relied 
upon for coding in the two visual streams. 2D images can be used as stimuli 
with the confidence tha t actions towards them are driven by similar mechanisms 
to natural actions to 3D targets, at least for the type of stimuli used in the ex
periment described here. This allows the use of computer generated images in 
which the presentation of cues can be more precisely controlled and manipulated. 
One cue could be manipulated so that it signals more information about depth or 
size than another. Certain cues could be made to conflict, so that, for example, 
stereoscopic information indicates that an object is further away than the infor
mation provided by a pictorial cue such as texture. The reliance of the perceptual 
and visuomotor systems on these cues could then be investigated. It might be 
predicted that when making a perceptual judgement of such a display the tex
ture cue would be given more weight than when performing an action towards 
the display.

The differential effects of illusions on grasp and estimation were found in both 2D 
and 3D displays, suggesting tha t the characteristic visual processing of the dorsal 
stream was evoked by the 2D display as well as the 3D display. This suggests
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that the need for a goal-directed action may be sufficient to engage this system. 
However the measure of maximum grasp aperture, on which this conclusion is 
based, did not behave in the same way for 2D and 3D targets. 3D targets, 
both in open- and closed-loop conditions (see Chapter 6) showed a characteristic 
opening of grasp over the first 70% of flight time which then closed down as the 
target was approached. For 2D targets, the maximum aperture came later and 
there was very little subsequent closure. Thus, if dorsal stream computations are 
used, they are not used in the same way in both cases. Smeets and Brenner’s 
theory of grasping suggests a plausible reason why grasps towards 2D and 3D 
targets show this difference. Such differences do not invalidate the idea that, in 
transporting the fingers to the positions required for the (different) final phase of 
each action, dorsal stream processing of target dimensions needs to be coupled 
to the control of action in each case and that this processing differs from that 
involved in identification and estimation.
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8. Experiment 7 - Grasping
Targets with Varying Degrees 
of Visual Information

8.1 Introduction

Experiments 5 and 6 demonstrated that the mechanisms underlying grasping to 
2D and 3D targets are not fundamentally different, in the way that delayed and 
immediate grasps are. Experiment 5 showed that manual estimation was affected 
by the Titchener Circles illusion, whereas maximum grip aperture in grasping 
was relatively unaffected, and this occurred irrespective of whether the target 
was a 3D object or a 2D image of that object. Experiment 6 suggested that the 
effect of introducing a delay between viewing an object and grasping it was also 
similar for 2D and 3D targets. However, Experiments 3 and 4 demonstrated that 
there are kinematic differences between grasps to 2D and 3D targets. The aim of 
this experiment was to investigate further the differences in kinematics between 
grasps to 2D and 3D targets. In most previous studies pantomimed or 2D grasping 
has been compared with a condition in which an actual object was grasped. In 
the latter case subjects received haptic feedback from grasping the object. In 
the experiment described in this chapter, a new type of target was studied, in 
which subjects received identical visual information to a real, graspable target, 
but haptic feedback was not available. This allowed the effect of different types 
of visual information on the kinematics of grasping to be studied in isolation.

Are the differences between 2D and 3D grasping actions due to the visual infor
mation that is missing from a simple line drawn circle as opposed to a 3D disk? 
Or are they merely due to the fact that a disk can be grasped (i.e. there is haptic 
feedback) but a circle cannot, even though a goal directed action can be made 
towards it using the same controlling mechanisms as a natural grasp? It was
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suggested in Chapter 7 that the model of grasping proposed by Smeets and Bren
ner (1999) may help explain why maximum aperture was smaller and reached 
later in the movement in grasps made towards 2D images than in natural grasps 
made towards 3D objects. Smeets and Brenner proposed that in a reach-to-grasp 
movement the digits move independently to positions on the object, approach
ing the surfaces more or less perpendicularly. W ith this model, digit movement 
during both pointing and grasping are hypothesised to be controlled in the same 
way; essentially grasping involves pointing with the finger and thumb towards 
locations on the surface of the objects. When the object is 3D and graspable, 
these locations will be at the sides of the object. When the target is a 2D image, 
the locations will be on the fiat surface on either side of the image. The sub
ject is instructed to reach ‘as if to grasp a thin disk’ of the same dimensions as 
the image, so his/her fingers will aim for the outer edge of the circle. However, 
the subject performs what is essentially a ‘two-fingered point’, and the fingers 
approach the target directly (see figure 6.9 for an illustration of the differences 
between the two types of action performed to 2D and 3D targets).

If a reach is made with the aim of manoeuvering the fingers to approach the 
surface of the object orthogonally, then the fingers need not open as wide or as 
early when the object is 2D than when it is 3D. In order to investigate this, 
the experiment reported in this chapter used two additional stimulus types; an 
enhanced 2D image, in which other information to shape such as shadow, shading 
and texture were included, and a truly 3D target presented behind transparent 
perspex, so that it could not be grasped and had the same grasping surface as the 
2D conditions. This 3D target presented behind perspex provided identical visual 
information to a 3D disk to be grasped normally, but the locations the subject 
had to move the fingers to were on the surface of the perspex rather than the 
sides of the object. Therefore, according to this model, one would predict that 
3D grasping should look like 2D grasping when haptic feedback is not allowed.

However, if the visual information itself causes a motor action to be programmed 
differently, one would expect to see similar patterns in the grasping kinematics 
when a subject makes a grasp towards a 3D disk, irrespective of whether haptic 
feedback is available or not. In addition, extra information about target size, 
shape and distance might be expected to influence the way the target is grasped.
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If delayed grasping resulted in larger maximum apertures, as seen in Experiment 
6, solely because less information was available (i.e. subjects reached with an in
creased ‘margin of error’ after a delay), one might expect to find larger maximum 
in-flight apertures in a line-drawn circle than in an enhanced 2D image.

8.2 Method

8.2.1 Design

This was a repeated measures design, each subject performing all 5 conditions. 
Each subject performed a total of 120 trials, in 5 blocks of 24 randomly ordered 
trials each. Each block consisted of reaching to one type of stimulus, 2D circle, 
enhanced 2D rendered image, 3D disk (no feedback), 3D disk (with haptic feed
back) or pantomimed grasp. Within each block subjects made 8 reaches to each 
of the 3 stimulus sizes. The order of presentation of the 3D (no haptic feedback), 
simple 2D, enhanced 2D and pantomimed blocks was counterbalanced according 
to a latin square design. In order to prevent subjects from gaining haptic infor
mation about the dimensions of the disk during the course of the experiment, 
the natural 3D grasping condition was always performed last, using one of two 
randomly assigned trial orders.

8.2.2 Subjects

Subjects were 16 volunteers, all staff, undergraduate or postgraduate students at 
the University of London. Of these, 2 subjects’ stereoscopic vision fell below the 
required criterion (120 sec of arc). Subjects who failed to meet the stereoacuity 
criterion completed the experiment, but their data were not further analysed for 
the purpose of this thesis. Data were analysed from 14 subjects, 5 males and 9 
females. All had normal or corrected-to-normal vision and stereoacuity within 
the normal range, as measured by the TNG test for stereoscopic vision. The 
mean age was 22.21 years (range 18 - 34 years). Subjects were paid for their time 
and were fully debriefed at the end of the experiment.
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8.2.3 Apparatus and Materials

8.2.3.1 Stimuli

N a tu ra l and  p a n to m im e d  conditions:  The same stimuli were used in the 
natural and pantomimed conditions. Three disks with diameters of 40mm, 45mm 
and 50mm were made out of 3mm thick white plastic with a thin black line drawn 
around the circumference of the top surface. In the 3D condition without haptic 
feedback, each disk was fixed in the centre of landscape-oriented, white A4 paper. 
This was then sandwiched between two sheets of transparent perspex 1mm thick.

2D condition:  In the 2D condition stimuli were circles drawn in the exact 
centre of a piece of white A4 paper in Ip t thick lines, with diameters of 40mm, 
45mm and 50mm. The paper was in landscape orientation, and was sandwiched 
between two sheets of transparent perspex 1mm thick.

Figure 8.1: Example of the rendered images used in the enhanced 2D condition 
(shown smaller than actual size)
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E n h a n c e d  2D  cond ition :  Rendered images were created using POV-Ray, 
printed in the exact centre of landscape oriented A4 paper (see figure 8.1 for 
an example). The images were created to depict objects of the same dimensions 
as the disks used in the natural and pantomimed conditions. Several cues to 3D 
shape were used, including shadow, shading and texture. The background was 
depicted as a chequerboard so as to provide perspective cues to depth and dis
tance. The images were manipulated so that the dimensions of the upper surface 
of the portrayed disk was identical in diameter to the physical disks used in the 
natural and pantomimed conditions. The real stimuli were presented on a plain 
white background and did not have the coarse surface texture depicted in the 
images, so the enhanced 2D images were not visually identical to the real disks. 
Again the printed images were sandwiched between sheets of perspex.

8.2.3.2 Presentation of stimuli

In order to make the 3D conditions with and without haptic feedback as visually 
similar to one another as possible, each stimulus card was displayed behind a 
‘window’. A large piece of card measuring 590mm x 422mm was placed on the 
table surface. In the exact centre of this card was a cut-out window, measuring 
242mm x 168 mm. On each trial the stimulus card was displayed behind this 
window so that the edges of the card could not be seen. This meant that in the 
3D condition in which the disk was behind perspex, subjects could not see the 
perspex, and typically believed that they could pick up the disk until the exper
imenter demonstrated otherwise. As trials were presented in blocks according to 
stimulus type, subjects were aware that they would not be able to pick up the 
disk, however, they were unable to discriminate this visually.

8.2.4 Procedure

In order to control the timing of the lights so that reaching was open-loop, a lamp 
was used which was operated by pressing a button. The lamp was positioned on 
the table so that the light would shine directly down onto the stimulus, and the 
button controlling the lamp was positioned 60mm from the edge of the table in 
front of the subject. Three reflective markers to be tracked by the ELITE system
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were attached to the subject’s dominant hand as described in Experiments 3 and 
4 (see section 6.2.1).

Subjects began each trial with the heel of their hand resting on the button that 
activated the lamp, and held the starting disk between index finger and thumb. 
The starting disk was 17mm in diameter, and was fixed to the table, 180mm from 
the edge nearest the subject, on the subject’s sagittal plane. The subject was 
instructed to hold the disk in a comfortable position. For most subjects this was 
with the index finger at the top and the thumb at the bottom of the disk.

8.2.4.1 3D grasping condition (no haptic feedback)

Subjects began each trial with their eyes closed and their hand on the button, so 
the lights were on. A stimulus card was placed centrally behind the window, so 
that the centre of the target disk was 250mm from the centre of the starting disk. 
Subjects were instructed to open their eyes, were given 2 seconds viewing time, 
and then given the verbal cue, “go” . The task was to reach out as if  to grasp 
the disk with the index finger and thumb. When subjects reached the point at 
which they would grasp the disk they were instructed to remain in this position, 
until the computer finished recording. As subjects began to reach, the button 
was released, so the entire movement was performed in darkness. The computer 
started recording just before the instruction to move was given, and positions of 
the fingers were recorded for 3 seconds.

8.2.4.2 2D and enhanced 2D grasping condition

The experimental setup and procedure was identical to the 3D condition, except 
that the stimuli used were circles or rendered images printed on paper. On the 
verbal cue, “go”, subjects were required to reach as i f  they were grasping a thin 
disk.
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8.2.4.3 Pantomimed grasping condition

The experimental setup and procedure was identical to the other conditions, 
except that the stimulus was a disk with its right edge aligned with an imaginary 
line positioned parallel to but 75mm to the left of the midline. A plain white 
card with a black cross marked in its exact centre was placed behind the window. 
Subjects were asked to imagine that the object on their left was positioned at 
the same distance but along the midline at the location of the cross. On the 
verbal cue, “go” subjects were required to pantomime a grasping action towards 
the cross as if  it the object was physically present at that location.

8.2.4.4 3D (natural) grasping condition

In the natural grasping condition, again a plain white card with a cross marked 
at the centre was placed behind the window. On each trial a disk was placed 
on the cross. The subject’s task was to reach out and grasp the disk as if s/he 
was going to pick it up with the index finger and thumb. They were, however, 
instructed to remain in this position, and not to actually pick up the disk.

8.3 Results

8.3.1 Data collection and measures

Each subject performed 8 trials for each stimulus size in each of the 3 conditions. 
These were averaged for each subject.

D ata manipulation and measures used were identical to those in Experiments 3 
and 4 (see section 6.2.2).

For each measurement, 5x3 repeated measures ANOVAs were conducted, with 
factors condition (3D without haptic feedback, 2D, enhanced 2D, pantomimed 
and natural 3D grasp) and size (40mm, 45mm and 50mm). Planned comparisons
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were also performed, comparing the conditions collapsed across sizeh

8.3.2 Maximum aperture

Table 8.1 shows mean (±  standard error) maximum grip aperture for each object 
size in each condition. Figure 8.2 represents this data graphically.

3D (no haptic 
feedback)

2D Enhanced
2D

Pantom im e Natural
3D

40mm 53.639
(±2.407)

53.134
(±1.860)

51.395
(±2.116)

52.631
(±2.668)

68.201
(±2.865)

45mm 56.617
(±2.611)

57.333
(±2.441)

55.327
(±2.333)

58.764
(±2.904)

72.517
(±2.959)

50mm 63.588
(±2.719)

63.206
(±2.404)

61.785
(±2.540)

65.163
(±2.972)

76.557
(±2.697)

Total 57.948
(±2.529)

57.891
(±2.117)

56.169
(±2.294)

58.853
(±2.772)

72.425
(±2.785)

Table 8.1: Mean (±. standard error) maximum aperture (mm) for each stimulus 
size in each condition

3D (no haptic 
feedback)

2 0
Enhanced 2D 

Pantomimed 
Natural 3D

80

Target size  (mm )

Figure 8.2: Mean standard error) maximum grasp aperture (mm) for each 
stimulus size at each condition

As can be seen from figure 8.2, maximum in-flight grip aperture increased as 
stimulus size increased in all conditions. However, only natural 3D grasping

^See Appendix H for full tables of mean data and ANOVA summary tables
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appeared to differ from any of the other conditions; maximum aperture was largest 
in natural 3D grasping.

There was a significant main effect of size (F(2,26) =  196.240, p<0.001) as ex
pected, indicating tha t maximum aperture increased as target size increased. 
There was also a significant main effect of grasping condition (F(4,52) =  17.078, 
p <0.001). The lack of a significant condition x size interaction confirmed that 
the scaling of grip size to object size was consistent between conditions.

Figure 8.3a shows mean maximum aperture for each condition, collapsed across 
target size. Planned comparisons indicated that maximum aperture was larger 
in natural 3D grasping than in 3D grasping without haptic feedback (((13) =  
-5.470, p<0.001), 2D grasping (((13) =  -4.503, p<0.001), enhanced 2D grasping 
(((13) =  -6.138, p<0.001) and pantomimed grasping (((13) =  -3.720, p<0.005). 
The latter 4 conditions did not significantly differ from one another.

As the visual information provided by targets in the 3D condition without haptic 
feedback and the natural 3D condition were identical, it is possible that subjects 
performed in a similar manner on the first few trials in each condition, but that 
maximum aperture in 3D grasping without haptic feedback was reduced in later 
trials due to practice effects. In order to investigate this, the first and last trials 
in a block performed on each stimulus size were compared for these 2 conditions. 
The means are shown in table 8.2.

3D (N o h a p tic  feedback) N a tu ra l  3D
F irs t  t r ia l L ast tr ia l F ir s t  tr ia l L ast tr ia l

40m m 54.290 (±2.195) 54.532 (±3.314) 69.179 (±3.429) 66.357 (±2.877)
45m m 56.590 (±2.462) 56.400 (±2.985) 73.561 (±3.298) 70.135 (±2.520)
50m m 64.939 (±2.461) 62.129 (±2.972) 77.609 (±2.900) 74.768 (±2.733)

Table 8.2: Mean (±  standard error) maximum aperture (mm) for the first and 
last trials for each stimulus size in the 3D (no haptic feedback) and natural 3D 
conditions

As table 8.2 and figure 8.4 show, similar patterns in the data were found when the 
first and last trials in a block were considered separately; maximum aperture in
creased with size, and was greater in the natural 3D condition than in the 3D (no 
haptic feedback) condition. However, the size of maximum aperture in the first
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0 .9 4 - (b) M ovement duration(a) Maximum aperture

B 0 .9 9 -

B 0 .9 6 -

0 .9 4 -

3D (no haptic 2D Enhanced Panto- Natural
feedback) 2 0  mimed 3D

G rasping Condition

(c) Time to maxmum apertre

0.85

0.75

0.65

3D (no haptic 2D Enhanced Panto- Natural 
feedback) 2D mimed 3 0

G rasping Condition

(e) Maximum wrist velocity

a  5 1 0 -

^  5 0 0 -

«  4 9 0 -

3 0  (no haptic 2 0  Enhanced Panto- Natural 
feedback) 2 0  mimed 3D

G rasping Condition

3 0  (no haptic 2 0  Enhanced Panto- Natural
feedback) 2 0  mimed 3D

G rasping Condition

(d) Normalised time to maximum aperture

3 0  (no haptic 2 0  Enhanced P ^ to - Natural
feedback) 2 0  mimed 3D

G rasping Condition

0.39

0.37

o  0.35

a 0.33

0.31

(f) Tme to maximum wrist velocity

3 0  (no haptic 2 0  Enhanced Panto- Natural
feedback) 2 0  mimed 3D

G rasping Condition

Figure 8.3: Mean (Ti standard error) values for kinematic measures, collapsed 
across target size
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85 

80 

75 - 

70 - 

65 

60 - 

55

40mm 45 mm 
T arget s iz e  (m m )

50mm

- 3D (N o haptic 
feedback) - First trial

“  3D (N o haptic 
feedback) - Last trial 

■ Natural 3D  - First trial

-  Natural 3D  - Last trial

Figure 8.4: Mean (̂ ± standard error) maximum aperture (mm) for the first and 
last trials for each stimulus size in the 3D (no haptic feedback) and natural 3D 
conditions

and last trials did not appear to differ much within each condition. These data 
were entered into a 2x2x3 ANOVA with factors condition (natural 3D/3D with
out haptic feedback), trial (first/last) and size of target (40mm/ 45mm/ 50mm). 
There was a significant effect of size (F(2,26)=51.195, p<0.001), indicating that 
maximum aperture increased with target size. There was also a significant effect 
of condition (F(l,13)=31.711, p<0.001); maximum aperture was greater in nat
ural 3D grasping than in 3D grasping without haptic feedback. However, there 
was no significant effect of trial, and no significant interactions. This indicates 
that maximum aperture in grasping to a target of a given size remained consis
tent throughout the block of trials in both conditions. The smaller maximum 
aperture in 3D grasping without haptic feedback was not due to a reduction in 
maximum aperture with practice.

8.3.3 Duration

Figure 8.3b shows the overall movement duration for each condition, collapsed 
across target size. There were no significant main effects of either condition or size, 
but there was a trend for overall duration to be shortest in natural 3D grasping, 
and longest in pantomimed grasping. This trend was also seen in Experiments 3
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and 4. There did not seem to be any trend for the enhanced 2D information to 
affect movement duration when compared to a line-drawn 2D image.

8.3.4 Time to maximum aperture

Table 8.3 shows mean (±  standard error) time taken to reach maximum grip 
aperture for each object size in each condition. Figure 8.3c represents this data 
graphically, averaged across target size. There was a significant main effect of 
condition (F(4,52) =  8.337, p<0.001), but no main effect of size or interaction.

3D (no  h a p tic  
feedback)

2D E n h an ced
2D

P an to m im e N a tu ra l
3D

40m m 0.764
(±0.060)

0.805
(±0.050)

0.725
(±0.067)

0.792
(±0.054)

0.697
(±0.043)

45m m 0.792
(±0.047)

0.781
(±0.045)

0.789
(±0.049)

0.855
(±0.049)

0.671
(±0.041)

50m m 0.797
(±0.058)

0.791
(±0.048)

0.763
(±0.053)

0.845
(±0.052)

0.679
(±0.042)

T o tal 0.784
(± 0 .053)

0.792
(±0.046)

0.759
(±0.054)

0.830
(±0.049)

0.683
(±0.041)

Table 8.3: Mean (ûi standard error) time to maximum aperture (seconds) for 
each stimulus size in each condition

Figure 8.3c shows tha t the time taken to reach maximum aperture was less in 
natural 3D grasping, as previously found in both open- and closed-loop grasp
ing (Chapter 6). Planned comparisons confirmed that maximum aperture was 
reached earlier in natural 3D grasping than in 3D grasping without haptic feed
back (((13) =  3.023, p<0.01), 2D grasping (((13) =  6.011, p<0.001), enhanced 
2D grasping (((13) =  2.436, p<0.05) and pantomimed grasping (((13) =  5.850, 
p<0.001). Maximum aperture was also reached earlier in enhanced 2D grasping 
than in pantomimed grasping (((13) =  -3.108, p<0.01).

8.3.5 Normalised time to maximum aperture

Table 8.4 shows mean (±  standard error) normalised time taken to reach max
imum grip aperture for each object size in each condition. 8.3d represents this
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data graphically, averaged across target size. There was a significant main effect 
of condition (F(4,52) =  7.605, p<0.001), but no effect of size and no interaction.

3D (no h ap tic  
feedback)

2D E n h an ced
2D

P an to m im e N a tu ra l
3D

40m m 79.547
(±3.602)

83.633
(±2.650)

75.216
(±4.867)

81.800
(±3.667)

73.683
(±1.826)

45m m 80.849
(±2.714)

82.314
(±2.195)

80.235
(±2.824)

86.947
(±2.126)

71.924
(±1.923)

50m m 81.334
(±3.275)

81.483
(±2.754)

79.225
(±3.415)

84.694
(±2.477)

72.886
(±1.403)

T o tal 80.577
(±3.055)

82.476
(±2.259)

78.225
(±3.497)

84.480
(±2.480)

72.831
(±1.486)

Table 8-4: Mean (̂ ± standard error) normalised time to maximum aperture for 
each stimulus size in each condition

Figure 8.3d reveals that normalised time to maximum aperture showed a similar 
pattern to absolute time to maximum aperture; the normalised time taken to 
reach maximum aperture was less in natural 3D grasping than in other conditions. 
Planned comparisons confirmed that maximum aperture was reached earlier in 
natural 3D grasping than in 3D grasping without haptic feedback (((13) =  2.813, 
p<0.05), 2D grasping (((13) =  4.907, p<0.001) and pantomimed grasping (((13) 
=  5.107, p <0.001). Maximum aperture was also reached earlier in enhanced 2D 
grasping than in pantomimed grasping (((13) =  -2.973, p<0.01). The difference 
between natural 3D and enhanced 2D grasping no longer reached significance 
when time to maximum aperture was normalised.

8.3.6 Wrist displacement and height measurements

There were no significant effects in the analysis for maximum wrist displacement 
and height. However, as figure 8.5 shows, there was a trend for reaches in pan
tomimed grasping to become more displaced as object size increased, which did 
not occur in any other conditions.
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3D (no haptic 
feedback)

2D

Enhanced 2D  

Pantomimed 
Natural 3D

260 ■

255 -

250 ■a ,

40
Target size (mm)

Figure 8.5: Mean (±: standard error) maximum wrist displacement (mm) for 
each stimulus size at each condition

8.3.7 Velocity measurements

There were no significant effects in the analysis for maximum velocity. Figure 
8.3e however displays a trend for natural 3D movements to be fastest, which was 
also seen in open-loop grasping in Experiment 3.

Table 8.5 shows mean (±  standard error) time taken to reach maximum wrist 
velocity for each object size in each condition. Figure 8.3f represents the means 
averaged across target size. There was a significant main effect of condition 
(F(4,52) =  3.274, p<0.05), but no main effect of size and no interaction.

Figure 8.3f shows that the time taken to reach maximum velocity (i.e. the accel
eration phase) varied between conditions. Planned comparisons showed that the 
acceleration phase was longer in 3D grasping without haptic feedback than in 2D 
(t{13) = 2.324, p<0.05) or enhanced 2D (((13) =  2.665, p<0.05) grasping. The 
acceleration phase was also longer in pantomimed grasping than in 2D (((13) =  
-3.592, p<0.005), enhanced 2D (((13) =  -2.453, p<0.05) and natural 3D (((13) 
=  2.473, p<0.05) grasping.
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3D (no h ap tic  
feedback)

2D E n h an ced
2D

P an to m im e N a tu ra l
3D

40m m 0.340
(±0.015)

0.335
(±0.015)

0.351
(±0.014)

0.355
(±0.013)

0.345
(±0.014)

45m m 0.379
(±0.015)

0.333
(±0.014)

0.340
(±0.015)

0.365
(±0.017)

0.348
(±0.017)

50m m 0.362
(±0.019)

0.342
(±0.018)

0.345
(±0.012)

0.370
(±0.016)

0.348
(±0.016)

T otal 0.360
(±0.012)

0.337
(±0.015)

0.345
(±0.012)

0.363
(±0.014)

0.347
(±0.015)

Table 8.5: Mean standard error) time to maximum velocity (seconds) for 
each stimulus size in each condition

This pattern of results is not easily interpreted. However, the longer acceleration 
phase in pantomimed grasping than in nearly all other conditions suggests that 
there was something different about this condition. This could be due to the fact 
that only in pantomimed grasping was the target located in a different place to 
the grasping location.

3D grasping without haptic feedback also showed a longer acceleration phase than 
2D or enhanced 2D grasping. It is unclear why this might occur, but there is a 
possibility that it could be due to the discrepancy between visual information and 
haptic feedback. The stimulus was arranged so tha t it looked like a graspable disk, 
since the covering perspex could not be seen. However, when subjects reached 
out to grasp the disk it was not physically possible to make contact with it.

8.4 Discussion

Where the conditions in this experiment were similar to Experiments 3 and 4, 
the results confirmed the earlier experiments. Maximum aperture was smaller in 
2D and pantomimed than in natural 3D conditions, and was reached earlier in 
the grasp. There was a trend for natural grasping movements to be faster, and 
shorter in overall duration. In general the 3D condition without haptic feedback 
did not show any major differences from the 2D conditions. The enhanced 2D 
condition also seemed to be similar to the simple 2D, 3D without haptic feedback.
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and pantomimed conditions.

It therefore appears that the most important factor in determining the charac
teristics of kinematic variables involved in a grasp towards an object is the type 
of grasp, in terms of the locations of the required end points for the fingers, 
rather than the type of visual information available. It might be expected that 
maximum grip aperture would increase when visual information is reduced. This 
occurs when grasping after a delay, as shown in Experiment 6. Previous studies 
have also found that maximum aperture increases when a short delay is intro
duced between perceiving the object and grasping it (e.g. Jakobson and Goodale, 
1991), suggesting that this increased aperture represents a larger ‘margin of er
ror’ needed when the visual information on which a grasp is based is reduced. 
However, when visual information in the current study was reduced by making 
the grasping target 2D, maximum aperture instead decreased. There was also 
no difference in maximum aperture when comparing a non-graspable 3D target 
(with identical visual information to a graspable target) with a simple line drawn 
2D image. Therefore it may be that maximum aperture increases after a delay 
due to increased uncertainty, but it is not specifically due to reduced visual in
formation. Hu et al. (1999) reported that maximum aperture increased after a 
delay, contrary to the results found by Goodale et al. (1994a) that maximum 
aperture decreased after a delay. They pointed out that in Goodale et aVs study 
the object was removed during the delay, so when subjects grasped they were in 
fact pantomiming a grasp. In contrast, in Hu et a/.’s study the target remained 
and was grasped. However, this increase in maximum aperture after a delay does 
not solely occur when there is a physically graspable target. As can be seen from 
the results of Experiment 6, maximum aperture also increases after a delay when 
the target is a 2D image. It would therefore seem that Goodale et a/.’s findings for 
maximum aperture with delayed grasping may be due to the fact that a different 
type of grasp is required when the target is no longer available, rather than to 
the delay per se.

These results also confirm that the differences seen between grasping movements 
made to 2D and 3D targets in Experiments 5 and 6 are likely to be due to the 
type of grasp required, rather than differences in the mechanisms used to drive 
the actions. When these targets were used in the present experiment (3D disk
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and 2D line drawn image) but required identical actions (because the 3D disk 
was not physically graspable), maximum aperture was also virtually identical.

The results of Experiment 7 therefore provide further support for the idea that 
Smeets and Brenner’s (1999) model of grasping provides the most satisfactory 
explanation for the kinematic differences seen between grasping actions made 
towards 3D targets and 2D images of those targets. The way a goal-directed 
action is performed depends on where the end grasp points are located, and the 
angle at which the fingers must approach in order to meet the grasping surfaces 
orthogonally. When the grasping points are on a flat plane (i.e. 2D images and 
3D targets presented behind a barrier), the fingers need not open so wide in 
order to approach the surface orthogonally, and also do not need to open and 
then close in on the target, so maximum aperture is smaller and reached later in 
the movement.

The results of the experiment described in this chapter do not suggest that vi
sual information is not used in guiding action. Rather, they suggest that grasp 
kinematics are determined by an analysis of the precise locations of the end 
points which the fingers must reach. Determining where these locations are will 
be based on certain types of visual information. Stereoscopic information may 
be used by the dorsal stream to determine whether the locations to which the 
fingers must be moved are on the sides of a solid object, or on the surface of 
a flat plane. The results for 3D grasping without haptic feedback suggest that 
top-down knowledge about the target object, possibly related to ventral stream 
function, is also involved in the selection of the movement. Subjects were always 
aware that they could not grasp the disk, even though they could not see the 
transparent barrier that it was located behind. If the natural 3D and 3D without 
haptic feedback conditions were randomised within blocks of trials, this knowl
edge would no longer be reliable, and one might expect to see similar responses 
for graspable and non-graspable 3D disks.

In conclusion, data presented in this chapter suggest that the type of grasp re
quired is the most important factor in determining the characteristics of the kine
matic variables involved in the action. The precise visual information present in 
the target does not seem to have a major impact on these variables. The results
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of the experiments described in Chapters 7 and 8 together indicate that the vital 
information in driving a grasping action is whether the action is goal-directed (de
termining the underlying visual representations and driving mechanisms) and the 
type of grasp required (determining the kinematic characteristics of the grasp).
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9.1 Summary

This thesis had two broad aims. First, it intended to clarify some of the method
ological issues regarding studies of visual size judgement which use kinematic 
analysis of grasping movements and manual estimation. The second aim was to 
investigate the dual visual system hypothesis and the conditions under which a 
grasp may be driven by the ventral rather than the dorsal visual cortical stream.

9.1.1 Methodological issues

Experiments 1 and 2 addressed some of the methodological issues surrounding 
studies investigating the functions and properties of the dorsal and ventral visual 
streams, especially those using pictorial illusions.

Experiment 2 was designed to study some of the characteristics of the tasks used 
in a number of studies investigating illusion effects in relation to the functions 
of the dorsal and ventral visual systems. Maximum in-flight grip aperture is 
commonly used as a measure of grasping accuracy, and is compared with manual 
estimation (by opening the finger and thumb to match the size of the target) as 
a measure of perceptual judegement. While the relationship between object size 
and maximum aperture has been investigated before (e.g. Marteniuk et a/., 1990), 
there has been no direct comparison of this with the relationship between object 
size and thumb-index aperture in manual estimation. Experiment 2 demonstrated 
that as target size increased, maximum aperture and manual estimation increasd 
at a similar rate. The results of this study therefore confirmed that it is valid to 
compare the illusion effect size found in these two task conditions.

Experiment 1 was designed to address various issues arising from previous studies 
using pictorial illusions to investigate the functional dissociation between percep-
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tuai judgement and action. In addition, it attempted to replicate the finding that 
manual estimation is affected by an illusion while grasping is not using the Judd 
illusion. Two major methodological concerns were addressed:

Differential attentional demands
Previous studies using illusions (e.g Aglioti et a l, 1995; Haffenden and Goodale,
1998) have been criticised because the two tasks may make unequal demands 
on attention (Pavani et al, 1999); subjects have to make a comparison in the 
perceptual condition but can focus on a single target in the grasping condition. 
In order to avoid this, subjects in Experiment 1 were not required to make any 
explicit comparison, and were simply instructed to grasp or manually estimate 
either the top or bottom section of the figure. This technique was also used with 
the Titchener Circles illusion in Experiments 5 and 6.

Equivalence of the visuomotor and perceptual measures in the Judd illusion 
Experiment 1 also considered the proposed dissociation in the Miiller-Lyer and 
Judd illuson between position and extent (Mack et al, 1985; Post and Welch, 
1996). It has been claimed that these figures result in illusory distortions of 
extent, but not of position, therefore subjects make errors when estimating the 
extent of the shaft, yet can make accurate pointing actions towards locations 
on the figures. However, it was suggested that these tasks may instead differ 
because the former requires a perceptual judgement as a response, while the 
latter requires an action. In Experiment 1 subjects grasped a section of the 
Judd figure, a motor response that required an assessment of the extent of that 
section and was therefore a more direct comparison with the perceptual measure. 
The results of Experiment 1 showed tha t perceptual judgement (as measured 
by manual estimation) was affected by the illusion, however, grasping was only 
affected (to a smaller degree) when the Judd figure was oriented with the point 
upwards. Possible reasons for this were discussed, but it is certainly apparent that 
grasping and estimation are not affected by the Judd illusion in the same way, 
suggesting that the dissociation found between tasks performed on this illusion 
may be better explained as a dissociation between action and perception than as 
a dissociation between extent and position.
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9.1.2 Grasping of two-dimensional targets

Experiments 3 to 7 were designed to investigate further the conditions under 
which an action may be driven by the dorsal or ventral stream. It has been sug
gested that in certain cases the ventral stream dominates in driving actions; this 
is proposed to occur in circumstances where the dorsal representation is either 
inappropriate (pantomimed actions) or no longer available (delayed actions). Ex
periment 3 and 4 were designed to investigate whether a grasping action needs 
to be directed towards a real, graspable target in order for the dorsal stream to 
dominate in guiding the action. Pantomimed actions are not directed towards a 
real target, and the dorsal stream representation is not thought to be appropriate 
for driving this type of action (Goodale et a i, 1994a). A 2D image is not a real, 
graspable target; is the dorsal stream representation appropriate for driving an 
action towards this type of target?

Experiments 3 and 4 studied the kinematics of grasping actions towards 2D im
ages (following the experimental design of Goodale et ai, 1994a) in order to 
determine whether these more closely resembled natural or pantomimed actions. 
The results did not indicate a simple resemblance to either of those cases; for 
some kinematic variables, grasps towards 2D images appear to fall somewhere 
between natural 3D and pantomimed grasping; in others 2D and pantomimed 
grasping appear very similar. Clear differences were seen in maximum grip aper
ture, which was smaller, and occurred later in the movement when the target 
was 2D than when the target was 3D. For these variables, 2D and pantomimed 
grasping appeared to be similar.

It was suggested that the similarities between pantomimed grasping and grasping 
towards a 2D target could be due to the way in which these targets are ‘grasped’ 
compared to the way in which a 3D target is grasped. Smeets and Brenner 
(1999) argued that during a grasp (or a point) the fingers move independently to 
positions on the objects so that they approach the surface of the object perpen
dicularly. When the target is a thin 3D disk, the fingers must approach the sides 
of the object, so need to open wider. When the target is a 2D image, or when a 
pantomimed grasp is required, the action is essentially a ‘two fingered point’, and 
the surface which the fingers must reach is the surface on which the 2D image is
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printed. It is therefore not necessary for the fingers to open as wide or as early 
for a 2D target as for a 3D target.

Experiments 5 and 6 attempted to clarify the reasons for differences between 
grasps directed towards 2D and 3D targets. If the finding tha t 2D grasps differ 
from natural grasps in some ways is due to their being driven by different vi
sual mechanisms, one would expect to see differences in the effects of a pictorial 
illusion. If grasping towards a 2D target is based on a representation with the 
same fundamental attributes as that used to drive a grasp towards a 3D target, 
one would expect normal, immediate grasping actions to be unaffected by the 
illusion. This is what was found in Experiments 5 and 6. Experiment 5 found 
tha t manual estimation but not maximum in-flight grip aperture during grasping 
was affected by the Titchener Circles illusion, irrespective of whether the target 
was 2D or 3D. Experiment 6 found tha t delayed grasping towards both target 
types was affected by the illusion, whereas immediate grasping was not. In both 
experiments maximum aperture in grasping was larger for 3D than 2D targets, 
but the pattern of illusion effects was the same.

Experiment 7 looked at possible effects of the type of visual information provided 
by a target. The kinematics of grasping actions were studied using two new types 
of target, a 3D target sandwiched between sheets of perspex so tha t it could not 
be grasped, and an enhanced 2D image in addition to the natural 3D, 2D and 
pantomimed conditions used in Experiments 3 and 4. The results showed that 
in most cases the enhanced 2D and non-graspable 3D targets were no different 
to a simple line drawn 2D image. This suggests that the important factor in 
determining the kinematics of a grasping action is the way the object can be 
grasped, that is, whether the fingers must reach end points at the sides of the 
object, or on a flat surface, rather than the visual information contained within 
the target.

9.2 Kinematic analysis as an investigative tool

Analysis of kinematic variables has been used by various researchers to look at the 
effects of factors such as delay, visual feedback and pantomiming. The conclusions
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to these studies have often suggested tha t these kinematic differences may be 
indicative of the different neural systems used to drive these actions.

However, Experiments 3 and 4 showed tha t there are kinematic differences in the 
formation of the grip during a grasp to a 3D object, a 2D image of that object, 
and a pantomimed grasp. For some variables, grasps to a 2D object appeared to 
be more closely related to pantomiming than to natural grasping. It is tempting 
to conclude from this that grasping towards a 2D image is driven by different 
underlying neural mechanisms to those used to drive natural grasping actions, 
and even to suggest that 2D grasping, like pantomiming, may depend on ventral 
stream functioning. However, the results of Experiments 5 and 6 demonstrated 
that the same patterns of results were found when subjects performed tasks on 
3D targets and 2D images of those targets embedded within a pictorial illusion. 
Illusion influences were found when subjects manually estimated the size of the 
target and when they grasped it after a delay, but not when they made an im
mediate, natural grasp. This suggests tha t the representations used to drive the 
actions towards both 2D and 3D targets are similar, both providing accurate in
formation about the target which decays rapidly, hence the illusion effect after a 
delay. Westwood et al. (2002) also found that patient D.F. can accurately make 
grasping actions towards 2D images, although previous studies have reported that 
she cannot pantomime a grasp (Goodale et a i, 1994a). Taken together, these re
sults suggest that the important factor in determining that a grasp be driven by 
the dorsal visual stream is that the action be executed immediately, and that 
it be goal-directed towards an actual target, whether is is physically possible to 
grasp tha t target or not.

Experiment 7 found that the kinematics of a grasp did not change substantially 
when a 2D image was enhanced by adding cues to depth and shape such as 
perspective, shading and texture. This experiment also found tha t when a real, 
3D target could not be grasped, the kinematics of the action were similar to those 
involved in an action towards a simple, line-drawn 2D image. This provided 
further support for the theory tha t grasp kinematics are mostly influenced by 
the type of grasp that is required, following the model proposed by Smeets and 
Brenner (1999). This explains why there were similarities between pantomimed 
grasps and grasps to 2D targets or non-graspable 3D targets, despite evidence that
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these actions are based on different representations and are driven by different 
underlying mechanisms.

The results of these experiments cast some doubt on the suitability of kinematic 
analysis as a means of investigating whether different control systems are used 
for grasping actions to different types of visual stimuli. Studies such as Goodale 
et al. (1994a) compared natural grasping with delayed or pantomimed grasping 
where the target was not physically present. This requires a different type of 
grasp, and therefore it is possible that any kinematic differences found can be 
attributed solely to this factor. Goodale et al. (1994a) found tha t in grasping 
after a 2 second delay maximum aperture decreased. However, it has been shown 
in other studies (e.g. Experiment 6 of this thesis, Hu et al, 1999) tha t maximum 
aperture increases after a delay. The reason for the conflicting results in Goodale 
et a l (1994a) is presumably that in their study the target was removed in the 
delay condition, so subjects made a different type of grasp to that required in 
natural grasping.

9.3 Increased understanding of dorsal stream 
function

The concept of two types of visual system is not a new one, with Schneider in 
1969 suggesting that the overall accomplishment of ‘vision’ could be the result 
of more than one separately functioning module. Milner and Goodale’s theory 
of the functions of the two visual cortical streams was proposed over a decade 
ago, and is still currently the most popular interpretation. Certain revisions 
have been made; for example, it is now thought tha t the distinction between the 
streams may be better expressed in terms of the type of representation that is 
required for a task, rather than the precise response type. So, ventral stream 
mechanisms are used predominantly in tasks that require an analysis of elements 
of a visual array relative to each other, and dorsal stream mechanisms are used 
predominantly in tasks that require an analysis of absolute size and distance of 
targets with respect to the viewer. In most circumstances, these requirements 
coincide with perceptual judgement and visuomotor tasks respectively, however.
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there are certain conditions where a perceptual judgement task requires analysis 
of absolute information (e.g. estimating size in absolute units, Vishton et ai,
1999) or where a visuomotor task requires analysis of relative information (e.g. 3 
fingered grasps, Dijkerman et al, 1998, see section 2.5).

Despite more than ten years of research on the dual visual stream hypothesis, 
evidence regarding the precise information required for dorsal stream mechanisms 
to be dominant in driving an action is relatively sparse. Several researchers have 
suggested that introduction of a delay between viewing an object and grasping 
it results in decay of the dorsal stream representation so that the action must 
rely on ventral stream mechanisms (e.g. Gentilucci et ai, 1996; Westwood et al, 
2000b). Pantomimed action has also been suggested to be dependent on ventral 
rather than dorsal stream function (e.g. Goodale et al, 1994a). The experiments 
described in this thesis support the idea that an action after a delay depends 
on ventral stream function, but also demonstrates that it is of vital importance 
tha t the action is goal-directed. A target need not be graspable, and need not 
evoke a ‘solid’ representation based on realistic depth, as actions towards 2D 
targets appear to be based on similar representation to grasping actions towards 
graspable 3D targets. However, an action must be directed towards a target, and 
it must be made without a delay between viewing and acting in order for the dorsal 
stream to dominate in guiding the action. This is supported by findings that 
patient D.F., who has damage to the ventral stream, can make accurate grasping 
actions towards 2D images (Westwood et ai, 2002), but cannot pantomime an 
action (Goodale et al, 1994a).

While stereoscopic information may be used by the dorsal stream to build its 
representations, the experiments described here demonstrate tha t stereopsis does 
not need to specify that the target extends in depth and is physically graspable 
in order to activate dorsal stream mechanisms.
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9.4 Future Directions

9.4.1 Methodological issues for consideration in future work

A significant problem with the use of visual illusions in experiments investigating 
the dissociation between the visuomotor and perceptual systems is that of defining 
where or how the illusion works. In most cases it is a m atter of speculation. As 
the dorsal and ventral steams are proposed to diverge after striate cortex and their 
respective coding properties are thought to be the result of processing in higher 
visual areas, the assumption (whether explicitly stated or not) is that the illusory 
effect concerned depends on interactions at a stage beyond striate cortex. Dyde 
and Milner (2002) found that the rod and frame illusion, assumed to be mediated 
at a high level of visual processing, differentially affected perception and action, 
whereas the simultaneous tilt illusion, assumed to work via orientation effects 
mediated at the level of striate cortex, influenced both equally.

It would therefore seem important to understand exactly where an illusion is 
acting before attempting to use it as a tool to dissociate perception and action. 
The general assumption in any illusory figure requiring a comparison of a large 
area of the visual array is that these illusions are the result of integrative function 
of higher order cortical units, if only because the receptive field size of VI cells 
is too small to perform this comparison across disparate parts of the visual field. 
The Titchener Circles illusion, for example, requires that the target central circle 
is compared with the circles surrounding it in order for the size illusion to be 
perceived. Constancy scaling is one persistent theory of illusions such as the 
Müller-Lyer and Titchener Circles illusion (Gregory, 1963). This supposes that 
optical illusion figures are interpreted by the visual system as three-dimensional 
displays extending in depth. The system is then thought to make certain sorts 
of corrections to the size or direction of the lines in the figure. In the Müller- 
Lyer illusion the fins are thought to generate linear perspective cues indicating 
tha t the shafts lie at different distances from the viewer; the application of a 
size-constancy adjustment therefore results in one shaft being perceived as longer 
than the other.

One reason why constancy-scaling is thought to occur is that there are few cues
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in the simple illusory images to indicate that the lines lie in a flat plane. However, 
this is not supported by flndings that illusions such as the Miiller-Lyer illusion 
are still perceived when presented as three-dimensional objects which are not 
impoverished in terms of depth cues (e.g. Massaro and Anderson, 1970). In 
addition, Julesz (1971) showed that several illusions are perceived when presented 
in random-dot stereograms, in which distance should be clearly registered.
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Figure 9.1: The Zdllner-Judd illusion: The vertical lines appear tilted by the 
oblique crossing lines (Zollner effect). The length of the vertical line segments 
between the obliques also appears less than that of the equivalent line segments 
between horizontal crossing lines in the right hand figure (Judd effect).

Other illusions such as the Zollner-Judd illusion (see figure 9.1) have been ex
plained in terms of VI receptive fields. Morgan and Casco (1990) described the 
Zollner illusion in terms of an orthogonal orientation tendency, a perceptual shift 
of orientation in the direction of a right angle to the oblique crossing lines. Us
ing a spatial frequency filter to computationally reproduce the spatial frequency 
selectivity seen in some VI cells, Morgan and Casco (1990) studied the effect 
of filtering on isolated sections of the illusion consisting of rotated ‘H’ figures. 
They found that when the crossbar of the ‘H’ was short relative to filter size, 
the degree of tilt was difficult to discern. There was little obvious difference be
tween the filtered image of a stimulus with a tilted line and a stimulus where the 
crossbar was orthogonal to the flanks. The orientation bias in the Zollner illusion 
could therefore be explained by supposing that, when there is no evidence to the
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contrary, the line will be seen as orthogonal to the flanks.

This can explain the tendency for the line segments between oblique lines to 
appear shorter than the line segments between orthogonal lines. However, the 
overall illusion as illustrated in figure 9.1 is not of locally distorted line segments, 
but of globally tilted straight lines. Morgan and Casco (1990) suggested that the 
global tilt of the lines may be the result of higher-stage neural collector units that 
integrate local orientation signals.

If illusions are to be used as a means of investigating proposed dissociations 
between perception and visual control of action, it would seem to be important to 
also investigate exactly how the illusions work. Ideally, understanding the means 
by which an illusion acts should form an element of the criteria for choosing which 
illusion to use in an experiment.

9.4.2 Illusions based more on one system than the other

Certain visual information is thought to be processed more by one stream than 
the other. For example, information from binocular disparity, motion parallax 
and vergence are thought to be important for the dorsal stream in programming 
prehension movements, while information such as texture and shading may be 
used by the ventral stream, as discussed in Chapter 1.

The results of Experiment 7 suggested tha t the precise visual information con
tained within a target may not be particularly important in determining the 
kinematics of a grasping action directed towards tha t target. Rather, the es
sential facts are that the grasp is target-directed and performed without a delay 
between viewing the target and reaching. The exact kinematics of the grasp seem 
to be defined more by the type of grasp which is required. This would suggest 
that a grasping action towards a target defined by texture would show similar 
grasp kinematics to a target defined by stereoscopic information, assuming that 
both grasping actions terminate at a fiat surface. However, it is possible that the 
type of visual information might make a difference in terms of illusion effects. If 
texture is processed more by the ventral stream, then actions towards a target 
defined solely by texture may be more strongly affected by illusions than those
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directed towards targets defined solely by stereoscopic information (presented as 
random dot stereograms).

Some experiments using pictorial illusions defined solely by stereoscopic infor
mation have been carried out. For example, Julesz (1971) found that several 
illusions, including the Miiller-Lyer and Ponzo illusions, are still perceived when 
presented in a random dot stereogram. Greene and Center (2001) presented 
the Ponzo illusion and Corridor illusion (a variation of the Ponzo configuration) 
as autorandom dot stereograms for size judgements. In their figures, binocular 
disparity provided an unambiguous cue to distance. Subjects reported identical 
illusion effects for standard and stereo versions of the images. However, although 
perceptual judgements of stereoscopically presented illusions have been studied, 
visuomotor responses to such illusions have not been investigated. The data pre
sented in this thesis demonstrate that a grasping action may be based on dorsal 
stream information, even when it is not physically possible to grasp the target of 
the action, therefore an investigation of grasping actions towards stereoscopically 
defined illusion figures can be assumed to be driven by dorsal stream mechanisms.

9.4.3 Pantomimed action

Coodale et al. (1994a) argued that pantomimed action is based on ventral stream 
processing. This was based both on the finding tha t D.F. is impaired at pan
tomiming a grasp, and also on the finding that the kinematics of pantomimed 
grasping differ from those of natural grasping in normal subjects.

As already discussed, differences in the kinematics of grasping may not be suf
ficient evidence to conclude that natural and pantomimed grasping actions are 
based on different underlying driving mechanisms. Pantomimed grasping may 
only have shown kinematic differences because a pantomimed action is associ
ated with a different type of grasp to a natural action towards a 3D target. 
Westwood et al (2000b) suggested that pantomimed actions may be controlled 
by the ventral stream, based on the finding that perception and action were dif
ferentially affected by the Miiller-Lyer illusion in a natural grasping condition but 
not in a pantomime condition. However, their pantomimed condition involved a 
delay of 3 seconds before grasping, so it was unclear whether the illusion effect
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on pantomimed action was due to the fact that the action was pantomimed, or 
to the fact that there was a delay between viewing and reaching. In order to 
clarify this, it would be necessary to have subjects pantomime a grasp towards a 
target in an illusion while the target was still present, by performing the action 
at a location spatially displaced from the target.

9.4.4 Differences in action towards real objects and images 
displayed on a screen

Patient D.F. has been shown to be accurate when reaching towards an object, but 
not when making the same movement slightly to one side of it (Goodale et a/., 
1994a). However, she can form her grip appropriately when reaching underneath 
a table as if to grasp an object placed on top of the table (Milner, 2000). This 
suggests that the important factor for a grasp to be driven by a dorsal stream 
representation is that the action be goal-directed. In addition. Experiments 5 
and 6 indicated that action towards a two-dimensional image, even if that image 
was a simple line-drawn circle, was based on similar representations to an action 
towards a three-dimensional, graspable target.

The experiments described in this thesis have confirmed that grasping actions di
rected towards 2D images are based on similar visuomotor mechanisms as those 
directed towards 3D targets which can be grasped. Although there were differ
ences in the kinematics of grasps towards 2D and 3D targets, these were proposed 
to be due the type of grasping action required rather than to different fundamen
tal driving mechanisms. Therefore it may not be appropriate to compare ‘natural’ 
grasping actions to 3D targets with those to 2D targets, but it is valid to com
pare grasping action to different types of 2D target, and these actions can be 
reasonably assumed to depend on dorsal stream function. This allows for more 
controlled and complex versions of the illusion experiments to be carried out, such 
as those proposed in section 9.4.2, using presentation of the illusions in texture 
backgrounds or random dot stereograms.

With the confirmation that grasping actions to 2D and 3D targets do not funda
mentally differ, it would also be possible to design experiments to investigate more 
clearly the precise types of visual information which the dorsal stream depends on.
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For example, perturbation studies could be used, in which a computer-generated 
target contains cues to shape, depth and distance defined by more than one cue. 
As one cue is manipulated to indicate contradictory information to the others, 
changes in grasp formation can be measured, in order to calculate the relative 
dependence of a grasping action on certain visual cues.

9.5 Conclusions

The main aim of this thesis was to investigate the proposed functional dissocia
tion between the ventral and dorsal visual streams. In doing this, a number of 
significant contributions to this area of research have been made, both in terms 
of knowledge about the circumstances under which an action may be driven by 
the dorsal stream, and in terms of methodological considerations which must be 
taken into account in studies of this kind.

It has been shown that an action must be goal-directed, and performed without 
a delay between viewing the target and reaching for it in order for dorsal stream 
processes to be invoked. However, the target may be two-dimensional or three- 
dimensional; one does not actually have to be able to grasp an object in order to 
for the dorsal visuomotor system to be associated with a grasping action directed 
towards it. The visual information provided by the target seems to be largely 
irrelevant in determining the characteristics of the grasp, with kinematic vari
ables showing little difference between grasps directed towards a line drawn circle 
and a truely three-dimensional, physically present disk which cannot be grasped. 
In fact, the important factor appears to be the type of grasp required, although 
visual information will be important in determining which type of grasp is most 
appropriate. The fact that actions performed towards 2D targets are dependent 
on similar underlying mechanisms to actions towards 3D targets provides justifi
cation for further research using 2D computer-generated images which allow more 
control over the visual environment in which actions are performed and studied.

The findings in this thesis suggest that kinematic analysis should be used with 
caution as an investigative tool. Any experiment investigating the kinematics of 
grasping actions made to different types of target, or under different conditions.
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should ensure that in all cases the same type of grasp is required.

The dual stream hypothesis in its current form was proposed over ten years ago. 
However, there are still a great many questions left unanswered. W hat is the ex
act nature of the interaction between the two streams? There is good evidence for 
at least some degree of functional independence between the two visual streams; 
dissociations between the two can be demonstrated. However both systems must 
be able to influence behaviour and work together in order to allow one to oper
ate within the environment in an efficient and coordinated manner. They must 
interact at some level, so we can know what we are grasping, and can use knowl
edge about objects to inform our actions. Anatomically, evidence already exists 
to indicate that there are interactions (see section 2.3.1). However, the nature 
of these interactions, in terms of the way visual information is integrated, are 
currently rather vaguely defined. Under certain circumstances the ventral stream 
appears to be dominant in driving an action; delayed action, non goal-directed 
action, and actions requiring analysis of relative information. It seems likely that 
the two streams interact in every action performed, with greater or lesser con
tributions from each depending on the exact nature of the task and potential 
information available.

The neuropsychological case study of patient D.F. illustrates how lack of a ven
tral stream does affect visually guided action. D.F. is sometimes described as a 
patient with an impaired perceptual system, but intact visuomotor system. This 
oversimplifies the true nature of D.F.’s impairments. Certain situations indicate 
that D.F.’s visuomotor function is not normal; for example, she is able to grasp 
objects in an efficient manner, but may not grasp them in a suitable manner for 
their potential use (Carey et al, 1996). Thus D .F.’s deficient ventral stream is 
unable to interact with the largely intact dorsal stream to provide stored infor
mation about the target object that could be used to guide the way the object is 
grasped.

Questions also need to be addressed regarding the nature of the analysis per
formed by the dorsal and ventral streams. It has been suggested that each stream 
utilises available visual information in different ways, and perhaps places more 
emphasis on certain types of visual cues. More information is needed to define
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exactly what type of visual information is processed primarily by each visual sys
tem. This thesis provides justification for the use of methodology which may allow 
this to be investigated in more depth, for example the use of computer-generated 
2D images to exert a higher degree of control over the visual environment that 
subjects act within. It is hoped that the evidence provided in this thesis will 
encourage further investigation and yield new insights in the understanding of 
visual perception and the visual guidance of action.
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Appendix A. Data and analyses relating
to Experiment 1

Table A .l:  C hoice o f stim u lus w ith  p eg  in  th e  p e rc ep tu a l cen tre  for 
each  su b jec t

Subject D istance o f centre 
peg from point peg (mm)

1 72
2 74
3 74
4 76
5 76
6 76
7 74
8 74
9 74
10 74

M edian 74

T able A .2: E s tim a tio n  condition : M eans for each  su b jec t

S u b jec t R eal M id p o in t P e rc e p tu a l M id p o in t
U p D ow n U p D ow n

P o in t Tail P o in t Tail P o in t Tail P o in t Tail

1 88.26 95.05 88.00 110.01 88.05 92.43 84.48 100.92
2 68.82 93.26 57.45 108.96 79.17 82.70 64.04 83.34
3 81.89 98.83 86.75 95.69 93.97 89.18 89.43 91.71
4 72.24 86.42 71.66 88.64 77.07 74.26 80.96 75.08
5 65.64 70.38 73.80 72.97 70.84 74.31 75.08 70.76
6 89.12 103.89 92.37 110.30 101.88 104.11 95.37 104.00
7 80.56 102.86 85.55 96.27 88.93 89.89 90.47 92.72
8 58.31 86.86 76.09 79.93 71.31 72.89 84.56 77.15
9 73.47 83.17 80.30 82.99 86.04 80.41 76.01 79.01

10 90.94 109.08 91.93 109.06 92.49 101.26 101.00 91.78
M ean 76.92 92.98 80.39 95.48 84.97 86.14 84.14 86.65
SE 3.47 3.65 3.44 4.41 3.22 3.52 3.40 3.56
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T able  A  3: E s tim a tio n  cond ition . 2x2x2 A N O V A  su m m ary  ta b le

Source d f SS M S F
B etw een  su b jec ts 9 7172.093
W ith in  su b jec ts 70 4731.264
S tim u lus ty p e 1 18.736 18.736 1.348
E rro r  (S tim ulus ty p e) 9 125.128 13.903
T arg e t (p o in t vs ta il) 1 1515.854 1515.854 17.114
E rro r  (T arget) 9 797.145 88.572
O rie n ta tio n 1 39.732 39.732 2.413
E rro r  (O rien ta tio n ) 9 148.215 16.468
S tim u lus X T arg e t 1 943.130 943.130 32.606
E rro r  (S tim ulus x T arge t) 9 260.324 28.925
S tim u lus X O rien ta tio n 1 49.689 49.689 4.193
E rro r  (S tim ulus x O rien ta tio n ) 9 106.653 11.850
T arg e t x O rien ta tio n 1 0.174 0.174 0.003
E rro r  (T arg et x O rien ta tio n ) 9 556.701 61.856
S tim u lus X T arg e t x O rien ta tio n 1 6.626 6.626 0.365
E rro r  (S tim ulus x TcU*get x O rien ta tio n ) 9 163.521 18.169
T o ta l 79 11903.357
'p<0.01

T able  A .4: G rasp in g  cond ition . M eans for each  su b jec t

S u b jec t R eal M id p o in t P e rc e p tu a M id p o in t
E P D ow n E P D ow n

P o in t Tail P o in t Tail P o in t Tail P o in t Tail
1 97.85 104.30 94.59 92.41 96.14 98.95 99.66 94.98
2 85.44 90.13 84.66 91.66 87.12 80.94 89.62 87.11
3 91.11 99.14 93.02 90.28 94.28 92.36 96.37 85.53
4 94.05 93.84 91.56 93.27 96.20 88.04 93.36 88.64
5 89.47 96.35 92.85 93.94 92.48 93.70 96.33 96.27
6 86.93 95.84 88.82 91.50 92.31 87.17 93.14 87.24
7 91.86 93.60 96.53 89.78 92.12 85.88 92.31 85.34
8 91.33 100.96 98.80 94.33 94.90 95.04 96.24 91.99
9 98.60 106.99 99.95 109.17 99.72 107.12 102.40 100.31

10 92.40 104.44 89.86 100.57 98.33 90.59 97.99 92.54
M ean 91.90 98.56 93.06 94.69 94.36 91.98 95.74 91.00
SE 1.33 1.75 1.48 1.87 1.14 2.33 1.19 1.60
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Table A. 5: Grasping condition. 2x2x2 ANO VA sum m ary table

Source d f SS M S F
B etw een subjects 9 1383.101
W ith in subjects 70 952.800
Stim ulus type 1 33.043 33.043 7.875
Error (Stim ulus type) 9 37.765 4.196
Target (point vs tail) 1 1.667 1.667 0.098
Error (Target) 9 152.612 16.957
Orientation 1 6.655 6.655 0.913
Error (O rientation) 9 65.618 7.291
Stim ulus X Target 1 296.775 296.775 27.909
Error (Stim ulus x  Target) 9 95.704 10.634
Stim ulus X O rientation 1 12.041 12.041 2.408
Error (Stim ulus x  Orientation) 9 45.013 5.001
Target x  Orientation 1 68.303 68.303 6.410
Error (Target x  Orientation) 9 95.900 10.656
Stim ulus X Target x  Orientation 1 8.837 8.837 2.420
Error (Stim ulus x  Target x  O rientation) 9 32.867 3.652
Total 79 2335.901
'p<0.05 *"p<0.01

Table A .6: Control figures. M eans for each subject

Subject Estim ation Grasping
Top B ottom Top B ottom

1 105.72 85.42 100.58 99.08
2 78.16 83.25 91.74 89.56
3 94.13 83.46 95.24 95.08
4 82.22 80.73 93.91 93.72
5 74.37 68.72 95.39 98.97
6 106.97 101.51 90.22 89.79
7 85.49 91.58 95.02 94.99
8 82.02 75.57 97.95 97.90
9 86.96 82.29 102.98 102.26
10 96.03 98.71 95.62 98.69

M ean 89.21 85.12 95.86 96.00
SE 3.53 3.14 1.21 1.31
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Table A .7: Control figures. 2x2 ANOVA sum m ary table

Source d f SS MS F
B etw een subjects 9 870.590
W ith in  subjects 30 2278.115
Task 1 769.036 769.036 6.111
Error (Task) 9 1132.568 125.841
Target (top vs bottom ) 1 38.847 38.847 2.226
Error (Target) 9 157.049 17.450
Task X Target 1 44.591 44.591 2.950
Error (Task x  Target) 9 136.024 15.114
Total 39 3148.705
*p<0.05

Table A .8: Grasping condition (data relabelled according to  position  
o f target). 2x2x2 ANOVA sum m ary tab le

Source d f SS MS F
B etw een subjects 9 1383.101
W ith in  subjects 70 952.800
Stim ulus type 1 33.043 33.043 7.875
Error (Stim ulus type) 9 37.765 4.196
Target (point vs tail) 1 1.667 1.667 0.098
Error (Target) 9 152.612 16.957
P osition 1 68.303 68.303 6.410
Error (Position) 9 95.900 10.656
Stim ulus X Target 1 296.775 296.775 27.909
Error (Stim ulus x  Target) 9 95.704 10.634
Stim ulus X Position 1 8.837 8.837 2.420
Error (Stim ulus x  Position) 9 32.867 3.652
Target x  Position 1 6.655 6.655 0.913
Error (Target x  Position) 9 65.618 7.291
Stim ulus X Target x  Position 1 12.041 12.041 2.408
Error (Stim ulus x  Target x Position) 9 45.013 5.001
Total 79 2335.901
'p<0.05 "*p<0.01
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Table A .9: Pen and paper m easures. Original position o f estim ated  
bisector

C o n tro l U p D o w n
S u b je c t T o p B o tto m P o in t T ail P o in t T ail

1 71 69 79 61 76 64
1 69 71 73 67 86 54
2 68 72 74 66 80 60
2 73 67 68 72 78 62
3 64 76 71 69 81 79
3 65 75 72 68 79 61
4 68 72 78 62 81 59
4 66 74 76 64 76 64
5 65 75 78 62 82 58
5 66 74 77 63 75 65
6 68 72 80 60 81 59
6 69 71 78 62 85 55
7 68 72 78 62 80 60
7 67 73 79 61 85 55
8 69 71 77 63 77 63
8 70 70 76 64 79 61
9 64 76 73 67 82 68
9 62 78 71 69 82 68
10 66 74 76 64 90 50
10 62 78 78 62 90 50

M e a n 67 73 75 .6 64.4 81 .25 60 .75
S ta n d a r d  E r r o r 0 .84 0 .84 0 .9 4 0 .94 1.13 1.78

Table A . 10: Pen and paper m easures. Position  o f estim ated bisector 
adjusted for to p /b o tto m  bias

C o n tro l U p D ow n
S u b je c t T o p B o tto m P o in t T ail P o in t T ail

1 74 66 82 58 73 67
1 72 68 76 64 83 57
2 71 69 77 63 77 63
2 76 64 71 69 75 65
3 67 73 74 66 78 82
3 68 72 75 65 76 64
4 71 69 81 59 78 62
4 69 71 79 61 73 67
5 68 72 81 59 79 61
5 69 71 80 60 72 68
6 71 69 83 57 78 62
6 72 68 81 59 82 58
7 71 69 81 59 77 63
7 70 70 82 58 82 58
8 72 68 80 60 74 66
8 73 67 79 61 76 64
9 67 73 76 64 79 71
9 65 75 74 66 79 71
10 69 71 79 61 87 53
10 65 75 81 59 87 53

M e a n 70 70 78 .6 61 .4 78.25 63.75
S ta n d a r d  E r r o r 0 .84 0.84 0 .9 4 0.94 1.13 1.78
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Appendix B. Data and analyses relating
to Experiment 2

Table B .l:  M axim um  aperture in grasping. M eans for each subject

S u b je c t
T a rg e t  d ia m e te r  (m m )

30 35 40 45 50 55 60 65 70 75 80

1 60.75 66.62 65.70 73.47 78.59 76.52 83.30 86.33 93.18 95.51 99.27
2 47.72 51.75 58.05 61.35 65.41 73.90 76.26 77.23 84.78 82.18 85.60
3 63.52 71.32 78.65 83.70 88.16 93.53 97.76 101.49 105.36 108.16 108.87
4 62.57 68.41 77.47 79.90 77.26 89.29 93.60 95.67 91.78 104.74 98.35
5 59.81 66.13 71.57 73.18 78.59 81.11 89.01 92.79 91.55 100.83 100.23
6 69.02 69.57 77.40 70.20 80.50 86.57 87.51 93.46 94.05 92.92 98.45
7 53.35 54.91 57.41 62.78 69.05 67.69 72.36 72.80 84.09 86.79 92.22
8 65.48 73.16 73.13 76.68 82.59 86.17 87.77 94.23 94.92 100.96 107.66
9 50.10 58.73 59.01 61.86 69.78 77.29 80.01 82.79 84.54 88.65 91.99

10 59.34 68.40 67.98 73.60 73.91 85.06 91.29 96.72 97.98 98.70 105.18
11 59.78 60.18 65.33 69.25 75.11 77.77 79.99 83.49 89.10 91.77 98.67
12 74.83 77.09 80.03 85.89 88.70 98.15 102.34 103.84 104.91 111.61 111.59

M e a n 60.52 65.52 69.31 72.65 77.30 82.75 86.77 90.07 93.02 96.90 99.84
SE 2.20 2.20 2.40 2.34 2.08 2.51 2.55 2.76 2.06 2.57 2.20

Table B.2: M ean aperture in manual estim ation . M eans for each sub
ject

S u b je c t
T a rg e t  d ia m e te r  (m m )

30 35 40 45 50 55 60 65 70 75 80

1 42.44 49.31 50.09 56.28 64.64 69.15 76.56 86.34 89.57 97.62 101.90
2 34.82 39.15 43.15 41.29 43.45 51.62 58.52 59.51 63.13 61.14 76.97
3 39.51 46.54 48.82 50.31 55.95 68.62 64.41 74.75 79.12 88.54 96.50
4 43.61 44.89 44.82 52.72 57.36 59.02 66.56 69.94 79.90 89.20 91.28
5 52.62 43.81 52.07 54.12 60.48 52.72 51.60 50.99 62.69 58.76 63.51
6 50.37 52.89 50.62 56.97 61.59 66.43 71.00 72.88 72.79 82.56 82.86
7 48.07 56.11 57.28 69.65 72.01 83.58 86.37 93.61 90.63 98.45 105.10
8 43.07 47.81 45.93 54.68 62.71 60.48 68.25 68.59 69.82 81.51 82.91
9 39.15 43.68 46.06 51.81 56.68 57.34 60.24 63.93 72.91 75.61 78.29

10 38.85 42.10 43.37 45.73 50.34 54.77 58.84 64.69 67.11 73.42 77.00
11 36.62 43.02 43.08 45.78 52.25 54.99 58.92 72.34 66.28 80.03 80.35
12 47.47 57.06 56.10 63.86 67.60 71.80 78.19 82.21 89.86 86.25 98.56

M e a n 43.05 47.20 48.45 53.60 58.76 62.54 66.62 71.65 75.32 81.09 86.27
SE 1.62 1.63 1.42 2.26 2.26 2.75 2.89 3.39 2.99 3.60 3.58
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Table B.3: Gripscaling in grasping and manual estim ation . 
A N O VA sum m ary table

2x11

Source d f SS MS F
B etw een subjects 11 8860.029
W ith in  subjects 252 78367.492
Task 1 21844.401 21844.401 40.561
Error (Task) 11 5924.194 538.563
Size 10 45607.296 4560.730 290.684
Error (Size) 110 1725.863 15.690
Task X Size 10 262.363 26.236 1.372
Error (Task x  Size) 110 2103.375 19.122
Total 263 87227.521
'p<0.001

Table B.4: Grasping: ANO VA tab les for hierarchical regression

M odel d f SS MS F
Linear Regression 1 20881.613 20881.613 331.142

Residual 130 8197.718 63.059
Total 131 29079.330

Linear & 
Q uadratic

Regression 2 20936.893 10468.446 165.851
Residual 129 8142.438 63.120

Total 131 29079.330
*p<0.001

Table B.5: Grasping: R egression m odel sum m ary

Change statistics
M odel R2 d f  (m odel) d f  (residual) change F  Change
Linear 0.718 1 130 0.718 331.142
Linear &: 
Quadratic

0.720 1 129 0.002 0.876

*j9<0.001
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Table B.6: Grasping: Coefficients for th e linear m odel

B SE t
C onstant 37.582 2.502 15.023
Size 0.795 0.044 18.197
*p<0.001

Table B.7: M anual estim ation: ANO VA tables for hierarchical regres
sion

M odel d f SS MS F
Linear Regression 1 24741.291 24741.291 301.652

Residual 130 10662.499 82.016
Total 131 35403.790

Linear &: 
Quadratic

Regression 2 24831.666 12415.833 151.497
Residual 129 10572.125 81.954

Total 131 35403.790
*p<0.001

Table B.8: Manual estim ation: R egression m odel sum m ary

Change statistics
M odel E? d f  (m odel) d f  (residual) B? change F  Change
Linear 0.699 1 130 0.699 301.652
Linear & 
Quadratic

0.701 1 129 0.003 1.103

*p<0.001

Table B.9: M anual estim ation: Coefficients for the linear m odel

B SE t
C onstant 15.517 2.853 5.439
Size 0.866 0.050 17.368
*p<0.001
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Appendix C. Data and analyses relating
to Experiment 3

Table C .l: M axim um  aperture in open-loop grasping. M eans for each 
subject (mm)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 63.95 72.36 69.80 43.50 44.96 49.56 62.71 50.81 86.41
2 66.53 71.33 71.59 49.17 63.97 55.10 47.07 51.59 51.37
3 66.83 77.65 72.68 39.78 41.35 46.85 41.59 47.31 56.95
4 64.10 63.55 69.88 47.29 48.90 54.60 54.29 50.71 55.83
5 71.61 66.63 73.71 49.12 52.73 59.08 42.54 48.11 60.57
6 67.74 71.57 77.30 57.02 60.68 64.57 54.04 64.76 69.37
7 89.10 91.18 95.77 57.41 60.28 58.47 52.50 59.54 66.33
8 56.64 61.73 69.35 33.20 35.10 40.42 63.01 74.18 62.68
9 67.83 74.78 78.92 41.16 43.04 51.05 38.19 42.94 48.20

10 60.61 64.75 72.35 52.01 57.91 60.32 48.49 52.68 60.42
11 80.67 84.44 87.78 52.45 56.99 60.46 57.15 65.13 74.60
12 77.28 82.29 87.05 58.26 60.71 70.10 59.80 67.14 77.94
13 70.76 76.79 81.52 52.21 59.77 64.82 47.86 57.85 67.79
14 58.94 60.05 69.31 52.95 53.29 57.94 47.50 54.02 56.91

M ean 68.76 72.79 76.93 48.97 52.83 56.67 51.20 56.20 63.95
SE 2.35 2.44 2.22 1.96 2.36 2.09 2.08 2.38 2.83

Table C.2: M axim um  aperture in open-loop graisping. 3x3 ANOVA  
sum m ary table

Source df SS MS F
B etw een subjects 13 4112.226
W ithin subjects 112 16009.443
Condition 2 9315.592 4657.796 34.754
Error (Condition) 26 3484.545 134.021
Size 2 1919.199 959.600 65.424
Error (Size) 26 381.353 14.667
Condition x  Size 4 120.767 30.192 1.992
Error (Condition x Size) 52 787.987 15.154
Total 125 20121.669
'p<0.001
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c. Data and analyses relating to Experiment 3

Table C.3: M ovem ent duration in open-loop grasping. M eans for each 
subject (seconds)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 0.94 0.88 0.87 0.85 0.88 0.82 0.94 0.91 0.90
2 1.08 1.09 1.03 1.07 1.18 1.16 1.08 1.15 1.14
3 0.83 0.87 0.85 0.78 0.77 0.80 0.90 0.87 0.90
4 0.90 0.92 0.95 0.87 0.82 0.84 1.10 1.04 1.01
5 0.75 0.79 0.76 0.97 0.95 0.98 0.92 0.96 0.97
6 0.80 0.80 0.79 0.72 0.73 0.73 0.74 0.76 0.74
7 0.67 0.67 0.69 0.65 0.66 0.67 0.62 0.62 0.61
8 0.70 0.71 0.72 0.74 0.76 0.71 0.71 0.69 0.71
9 1.13 1.22 1.10 1.31 1.38 1.36 1.27 1.33 1.34

10 1.12 1.13 1.18 1.24 1.27 1.30 1.23 1.21 1.20
11 0.70 0.82 0.80 0.71 0.71 0.71 0.77 0.68 0.85
12 0.90 0.90 0.90 1.01 0.96 0.99 1.08 1.03 1.07
13 0.94 0.95 0.97 0.85 0.91 0.87 0.97 0.94 0.98
14 1.06 1.00 0.97 1.32 1.31 1.25 1.27 1.36 1.23

M ean 0.89 0.91 0.90 0.93 0.95 0.94 0.97 0.97 0.97
SE 0.04 0.04 0.04 0.06 0.06 0.06 0.06 0.06 0.06

Table C.4: M ovem ent duration in open-loop grasping. 3x3 ANOVA  
sum m ary table

Source df SS MS F
Betw een subjects 13 4.449
W ithin subjects 112 0.589
Condition 2 0.105 0.053 3.503
Error (Condition) 26 0.390 0.015
Size 2 0.002 0.001 0.597
Error (Size) 26 0.039 0.002
Condition x  Size 4 0.002 0.001 0.566
Error (Condition x  Size) 52 0.051 0.001
Total 125 5.038
> < 0.05
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c. Data and analyses relating to Experiment 3

Table C.5: Tim e to  reach m axim um  aperture in open-loop grasping. 
M eans for each subject (seconds)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 0.63 0.60 0.60 0.68 0.76 0.62 0.76 0.77 0.81
2 0.83 0.83 0.80 0.87 1.02 0.94 0.90 &88 0.92
3 0.52 0.56 0.56 0.44 0.48 0.46 0.79 0.75 0.72
4 0.65 0.62 0.70 0.63 0.64 0.67 0.84 0.69 0.75
5 0.46 0.52 0.54 0.76 0.75 0.71 0.70 0.83 0.74
6 0.49 0.51 0.52 0.55 0.62 0.61 0.58 0.60 0.53
7 0.36 0.34 0.36 0.42 0.46 0.44 0.54 0.45 0.48
8 0.47 0.46 0.46 0.46 0.59 0.44 0.64 0.63 0.62
9 0.92 1.00 0.82 1.16 1.25 1.20 1.10 1.23 1.26

10 0.97 0.99 0.99 1.15 1.18 1.23 1.13 1.08 1.15
11 0.41 0.45 0.43 0.44 0.46 0.48 0.59 0.47 0.69
12 0.62 0.61 0.62 0.88 0.82 0.76 0.83 0.85 0.96
13 0.68 0.67 0.68 0.70 0.70 0.67 0.84 &88 0.93
14 0.76 0.74 0.68 1.04 1.03 1.04 1.09 1.27 1.06

M ean 0.63 0.63 0.62 0.73 0.77 0.73 0.81 0.81 0.83
SE 0.05 0.05 0.05 0.07 0.07 0.07 0.05 0.07 0.06

Table C.6: Tim e to  reach m axim um  aperture in open-loop grasping. 
3x3 ANOVA sum m ary tab le

Source df SS MS F
Betw een subjects 13 0.419
W ithin subjects 112 1.376
Condition 2 0.757 0.379 23.499
Error (Condition) 26 0.419 0.016
Size 2 0.007 0.003 1.475
Error (Size) 26 0.059 0.002
Condition x  Size 4 0.011 0.003 1.212
Error (Condition x  Size) 52 0.123 0.002
Total 125 6.821
><0.001
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c. Data and analyses relating to Experiment 3

Table C.7: Norm alised tim e to  reach m axim um  aperture in open-loop  
grasping. M eans for each subject (% tota l m ovem ent duration)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 67.26 67.95 69.11 80.49 84.89 75.09 80.96 85.09 89.92
2 76.42 75.96 77.35 82.03 86.62 80.69 82.49 76.48 79.36
3 62.95 64.36 65.40 57.27 61.94 56.92 88.03 86.22 80.86
4 72.07 67.51 73.17 72.60 77.21 80.68 76.70 66.92 74.99
5 61.72 65.59 71.32 78.37 78.49 72.42 75.53 86.18 76.57
6 61.28 63.46 66.60 76.55 83.88 82.60 78.64 79.25 71.85
7 54.19 51.11 51.86 65.26 69.51 65.43 87.16 72.70 78.09
8 67.85 65.00 63.45 61.74 77.06 61.43 89.83 91.82 86.83
9 81.51 82.76 75.41 88.11 91.31 8&42 86.80 92.37 94.04

10 86.56 87.24 84.33 93.68 93.43 94.25 91.74 89.22 95.59
11 58.74 57.37 55.53 61.64 62.60 66.78 74.22 69.08 77.71
12 68.44 67.50 69.44 87.98 85.93 76.94 77.21 82.37 90.64
13 72.40 70.35 70.40 83.46 77.06 76.82 86.52 93.50 95.91
14 71.98 73.42 69.39 78.67 79.02 83.55 85.67 93.34 85.58

Mean 68.81 68.54 68.77 76.28 79.21 75.86 82.96 83.18 84.14
SE 2.38 2.49 2.22 2.98 2.55 2.79 1.54 2.41 2.17

Table C.8: Norm alised tim e to  reach m axim um  aperture in open-loop  
grasping. 3x3 ANOVA summ£u*y table

Source df SS MS F
B etw een subjects 13 6082.833
W ithin subjects 112 8221.117
Condition 2 4581.082 2290.541 25.002
Error (Condition) 26 2381.981 91.615
Size 2 20.988 10.494 0.927
Error (Size) 26 294.266 11.318
Condition x  Size 4 83.877 20.969 1.269
Error (Condition x  Size) 52 858.923 16.518
Total 125 14303.95
> < 0.001
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C. Data and analyses relating to Experiment 3

Table C.9: M axim um  wrist displacem ent in open-loop grasping. M eans 
for each subject (m m)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 218.01 213.90 213.51 211.90 215.01 206.27 248.20 245.48 245.45
2 226.83 232.35 229.26 227.26 222.76 229.95 228.93 233.18 236.82
3 227.30 225.00 234.88 220.60 222.24 221.59 226.10 231.22 231.82
4 221.17 218.28 228.54 202.03 202.44 194.80 236.23 239.31 249.10
5 229.12 227.82 230.97 238.91 236.77 245.18 229.74 235.06 234.62
6 218.32 222.52 219.50 215.45 222.89 223.31 250.87 257.31 253.03
7 227.92 226.41 222.23 218.40 224.91 221.76 208.90 210.74 213.17
8 216.92 216.20 217.20 201.50 207.30 206.30 213.85 218.17 229.08
9 222.46 214.78 218.40 218.60 218.29 217.58 225.29 222.76 226.23

10 222.69 217.98 221.87 207.40 206.63 203.75 192.29 193.13 191.54
11 235.50 254.32 245.57 226.18 226.38 238.61 254.25 250.11 267.56
12 228.11 224.11 224.35 230.57 232.07 226.88 247.98 248.63 256.06
13 218.31 214.22 220.56 216.59 217.52 217.60 225.29 223.89 228.08
14 240.49 238.56 249.15 228.55 223.01 220.55 227.50 227.58 230.77

M ean 225.22 224.75 226.86 218.85 219.87 219.58 229.67 231.18 235.24
SE 1.85 2.99 2.80 2.91 2.57 3.65 4.64 4.57 5.08

Table C.IO: M axim um  w rist displacem ent in open-loop grasping. 3x3 
ANO VA sum m ary table

Source df SS MS F
B etw een subjects 13 11051.855
W ithin subjects 112 13818.859
Condition 2 3332.846 1666.423 4.774
Error (Condition) 26 9074.823 349.032
Size 2 157.872 78.936 4.895
Error (Size) 26 419.305 16.127
Condition x  Size 4 116.043 29.011 2.102
Error (Condition x  Size) 52 717.610 13.800
Total 125 24870.714
><0.05
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c . Data and analyses relating to Experiment 3

Table C .l l :  M axim um  wrist height in open-loop grasping. M eans for 
each subject (mm)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 254.43 257.16 257.09 268.50 268.37 267.47 268.26 263.49 269.98
2 312.32 300.69 304.70 289.86 296.09 289.99 290.45 295.56 290.10
3 277.59 276.32 278.41 280.78 280.43 283.45 276.08 279.67 282.29
4 290.59 287.49 289.99 277.51 276.46 279.60 296.14 286.97 290.14
5 276.42 281.71 280.36 295.37 288.70 290.01 298.27 300.26 301.81
7 257.77 256.94 255.53 259.34 261.74 261.37 279.27 279.55 277.79
8 265.15 265.24 266.30 280.73 290.19 284.50 260.72 262.47 261.40
9 273.95 270.97 268.31 279.17 280.49 271.92 267.29 271.39 271.34

10 275.84 276.39 278.52 278.47 278.70 281.45 279.90 286.30 287.41
12 275.42 271.68 272.65 273.80 275.67 273.93 276.76 277.33 274.46
13 261.80 275.35 273.36 270.63 271.13 276.12 276.74 281.38 294.48
14 265.89 265.27 265.63 271.22 277.51 270.38 271.88 269.70 269.80
15 250.94 256.01 253.10 273.88 271.25 270.75 256.78 252.86 257.79
16 281.55 285.59 286.19 274.65 270.76 271.68 283.37 288.76 287.64

M ean 272.83 273.34 273.58 276.71 277.68 276.61 277.28 278.26 279.75
SE 4.24 3.45 3.82 2.37 2.47 2.28 3.25 3.54 3.45

Table C.12: M axim um  wrist height in open-loop grasping. 3x3 ANOVA  
sum m ary table

Source df SS MS F
Betw een subjects 13 12343.636
W ithin subjects 112 5846.810
Condition 2 600.278 300.139 1.774
Error (Condition) 26 4397.740 169.144
Size 2 25.291 12.646 0.969
Error (Size) 26 339.396 13.054
Condition x  Size 4 31.687 7.922 0.911
Error (Condition x  Size) 52 452.418 8.700
Total 125 18190.446
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c . Data and analyses relating to Experiment 3

Table C.13: Tim e to  reach m axim um  wrist height in open-loop grasp
ing. M eans for each subject (seconds)

Subject Natural 3D 2D Pantomimed
40mm 45mm 50mm 40mm 45m m 50mm 40mm 45mm 50mm

1 0.34 0.29 0.30 0.38 0.41 0.39 0.81 0.77 0.88
2 0.43 0.46 0.42 0.43 0.51 0.52 0.45 0.46 0.44
3 0.28 0.28 0.28 0.28 0.29 0.31 0.30 0.34 0.41
4 0.33 0.32 0.35 0.32 0.31 0.30 0.38 0.36 0.37
5 0.25 0.26 0.27 0.33 0.30 0.31 0.34 0.36 0.37
6 0.25 0.24 0.24 0.25 0.28 0.25 0.36 0.34 0.32
7 0.20 0.18 0.19 0.27 0.27 0.27 0.23 0.22 0.24
8 0.22 0.21 0.22 0.25 0.29 0.23 0.22 0.22 0.25
9 0.47 0.52 0.41 0.59 0.58 0.51 0.57 0.60 0.52

10 0.41 0.40 0.39 0.44 0.43 0.50 0.44 0.44 0.42
11 0.37 0.54 0.69 0.39 0.46 0.42 0.66 0.60 0.65
12 0.36 0.35 0.38 0.42 0.40 0.39 0.36 0.38 0.35
13 0.26 0.27 0.28 0.29 0.31 0.31 0.29 0.30 0.29
14 0.50 0.44 0.44 0.52 0.54 0.54 0.53 0.64 0.54

Mean 0.33 0.34 0.35 0.37 0.38 0.37 0.42 0.43 0.43
SE 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05

Table C.14: T im e to  reach maxim um  w rist height in open-loop grasp
ing. 3x3 ANOVA sum m ary table

Source df SS MS F
B etw een subjects 13 1.464
W ithin subjects 112 0.737
Condition 2 0.168 0.084 4.754
Error (Condition) 26 0.459 0.017
Size 2 0.002 0.001 0.785
Error (Size) 26 0.040 0.002
Condition x  Size 4 0.001 0.000 0.226
Error (Condition x  Size) 52 0.066 0.001
Total 125 2.200
><0.05
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c. Data and analyses relating to Experiment 3

Table C.15: Norm alised tim e to  reach m axim um  wrist height in open- 
loop grasping. M eans for each subject (% tota l m ovem ent duration)

Subject Natural 3D 2D Pantomimed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 36.27 33.71 34.49 44.35 46.19 47.14 85.55 84.61 98.18
2 39.73 41.74 41.01 40.05 43.48 45.28 40.80 39.69 38.43
3 33.16 31.85 32.61 35.34 38.22 38.37 33.75 39.49 45.64
4 36.32 35.08 36.70 36.61 37.85 36.20 35.00 34.35 37.09
5 33.86 33.36 35.17 34.20 31.32 31.60 37.03 37.75 38.83
6 30.87 29.98 30.91 35.20 37.95 33.84 48.23 44.89 43.76
7 30.32 27.10 27.97 41.76 40.48 39.75 37.63 34.78 39.51
8 31.68 29.36 30.44 33.76 37.74 32.49 31.26 31.48 34.86
9 40.94 42.62 36.83 44.14 41.89 37.28 44.64 45.18 38.59

10 36.73 35.02 32.78 35.26 34.03 38.12 35.64 35.88 35.12
11 53.09 69.05 85.09 55.78 64.66 58.70 85.07 87.02 72.16
12 40.36 38.44 41.89 41.88 42.20 38.86 33.60 36.55 32.99
13 27.21 28.35 28.56 34.43 34.51 35.90 30.21 31.85 30.25
14 47.45 43.83 44.92 39.88 41.16 42.62 41.63 47.14 43.63

Mean 37.00 37.11 38.52 39.48 40.83 39.73 44.29 45.05 44.93
SE 1.87 2.84 3.82 1.61 2.12 1.88 4.83 4.79 4.89

Table C.16: Norm alised tim e to  reach m axim um  wrist height in open- 
loop grasping. 3x3 ANOVA sum m ary tab le

Source df SS MS F
B etw een subjects 13 12858.137
W ithin subjects 112 7784.409
Condition 2 1128.613 564.306 2.650
Error (Condition) 26 5536.908 212.958
Size 2 16.873 8.437 0.744
Error (Size) 26 294.954 11.344
Condition x  Size 4 22.760 5.690 0.377
Error (Condition x  Size) 52 784.301 15.083
Total 125 20642.546
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c. Data and analyses relating to Experiment 3

Table C.17: M axim um  wrist velocity in open-loop grasping. M eans for 
each subject (m m /s)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 394.98 440.61 421.01 466.71 453.41 439.50 476.36 484.99 481.90
2 427.63 428.85 437.58 351.31 377.41 351.51 351.73 376.13 370.04
3 556.89 536.64 561.69 579.01 585.28 558.65 506.57 520.21 492.70
4 468.10 451.99 461.21 499.65 501.15 483.38 471.68 494.04 489.55
5 639.16 614.88 626.70 581.25 560.91 592.50 560.89 548.90 558.57
6 500.46 492.81 476.83 527.08 534.30 550.96 574.43 576.42 591.56
7 648.18 668.95 647.02 663.17 689.80 670.73 582.02 587.35 594.40
8 596.49 626.54 573.76 580.27 561.17 600.29 581.27 594.76 592.63
9 330.13 305.82 361.57 276.48 252.21 248.29 301.36 291.90 282.45
10 331.97 310.95 329.31 261.61 271.82 251.49 264.40 300.59 269.19
11 557.25 548.95 560.49 574.39 556.21 593.20 631.60 662.63 707.79
12 443.78 453.66 430.53 455.55 470.68 458.45 431.15 456.27 444.33
13 354.93 364.84 364.81 456.17 442.39 467.88 375.64 369.72 377.44
14 418.29 420.12 453.42 293.23 290.35 266.19 291.40 283.88 334.37

M ean 476.30 476.12 479.00 468.99 467.65 466.64 457.18 467.70 470.49
SE 29.14 30.08 26.74 34.40 34.71 37.46 32.84 33.26 35.07

Table C.18: M axim um  wrist velocity in open  loop grasping. 
ANOVA sum m ary table

3x3

Source df SS MS F
Betw een subjects 13 1598237.200
W ithin subjects 112 167519.883
Condition 2 3349.190 1674.595 0.301
Error (Condition) 26 144487.09 5557.196
Size 2 449.983 224.992 0.954
Error (Size) 26 6133.243 235.894
Condition x  Size 4 1042.007 260.502 1.123
Error (Condition x  Size) 52 12058.370 231.892
Total 125 1765757.086
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c. Data and analyses relating to Experiment 3

Table C.19: T im e to  reach m axim um  w rist velocity  in open-loop grasp
ing. M eans for each subject (seconds)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40 mm 45m m 50mm 40mm 45mm 50mm

1 0.31 0.30 0.31 0.28 0.31 0.26 0.27 0.27 0.24
2 0.49 0.54 0.47 0.42 0.52 0.47 0.48 0.51 0.50
3 0.30 0.31 0.30 0.28 0.28 0.26 0.30 0.30 0.30
4 0.33 0.31 0.33 0.30 0.30 0.30 0.39 0.37 0.33
5 0.30 0.30 0.31 0.33 0.31 0.32 0.34 0.33 0.35
6 0.30 0.30 0.30 0.27 0.27 0.27 0.29 0.31 0.28
7 0.24 0.23 0.26 0.25 0.26 0.25 0.26 0.25 0.25
8 0.24 0.23 0.24 0.24 0.26 0.26 0.28 0.25 0.26
9 0.40 0.39 0.35 0.41 0.47 0.47 0.45 0.42 0.40

10 0.48 0.49 0.49 0.44 0.41 0.48 0.45 0.47 0.43
11 0.24 0.27 0.25 0.26 0.24 0.23 0.24 0.23 0.24
12 0.39 0.39 0.40 0.39 0.39 0.39 0.43 0.39 0.41
13 0.32 0.32 0.32 0.26 0.27 0.29 0.30 0.30 0.32
14 0.45 0.42 0.40 0.48 0.50 0.49 0.46 0.62 0.52

M ean 0.34 0.34 0.34 0.33 0.34 0.34 0.35 0.36 0.34
SE 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.03

Table C.20: T im e to  reach m axim um  w rist velocity  in open-loop grasp
ing. 3x3 ANO VA sum m ary table

Source df SS MS F
B etw een subjects 13 0.923
W ithin subjects 112 0.091
Condition 2 0.006 0.003 1.607
Error (Condition) 26 0.046 0.002
Size 2 0.002 0.001 1.888
Error (Size) 26 0.013 0.001
Condition x  Size 4 0.001 0.000 0.713
Error (Condition x  Size) 52 0.024 0.001
Total 125 1.014
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c . Data and analyses relating to Experiment 3

Table C.21: Norm alised tim e to  reach m axim um  wrist velocity in
open-loop grasping. M eans for each subject (% total m ovem ent dura
tion)

Subject N atural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45m m 50mm 40mm 45mm 50mm

1 32.85 33.84 35.17 32.63 35.04 32.17 28.56 29.73 26.80
2 45.29 49.47 45.75 39.80 44.54 40.24 44.58 43.88 43.88
3 36.49 35.67 34.97 35.43 35.95 32.75 33.49 35.07 33.54
4 36.31 34.10 34.51 34.42 36.23 35.89 35.50 35.72 32.62
5 40.38 38.10 40.48 34.49 32.32 32.34 36.79 34.87 36.12
6 38.04 37.63 37.96 36.85 37.27 37.09 39.55 40.59 38.30
7 35.42 34.84 37.05 38.69 39.13 37.58 41.47 40.66 40.01
8 33.92 31.48 33.21 32.89 33.58 36.55 38.63 37.15 36.59
9 35.17 32.01 32.13 31.31 33.82 34.53 35.21 31.61 29.92

10 43.26 43.34 41.26 35.53 32.82 37.61 36.61 38.93 36.37
11 34.45 33.91 32.70 37.17 33.14 32.60 32.09 34.24 28.94
12 43.01 43.53 44.68 39.39 41.03 39.06 40.22 38.02 38.59
13 33.45 34.04 32.59 30.39 30.05 33.80 31.43 32.58 32.95
14 42.40 41.98 40.80 36.05 38.67 38.73 36.57 45.32 41.66

M ean 37.89 37.42 37.38 35.36 35.97 35.78 36.48 37.03 35.45
SE 1.12 1.41 1.22 0.78 1.04 0.73 1.14 1.21 1.32

Table C.22: N orm alised tim e to  reach m axim um  wrist velocity  in open- 
loop grasping. 3x3 ANOVA sum m ary tab le

Source df SS MS F
Betw een subjects 13 1540.985
W ithin subjects 112 637.813
Condition 2 75.253 37.627 2.858
Error (Condition) 26 342.335 13.167
Size 2 7.833 3.917 1.378
Error (Size) 26 79.909 2.843
Condition x  Size 4 15.113 3.778 1.593
Error (Condition x  Size) 52 123.370 2.372
Total 125 2178.798
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Appendix D. Data and analyses relating 
to Experiment 4

Table D .l:  M axim um  aperture in closed-loop grasping. M eans for each  
subject (m m)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45m m 50mm 40mm 45mm 50mm

1 72.14 78.19 76.86 60.98 63.89 65.09 49.35 57.83 64.31
2 58.67 62.84 65.87 61.22 56.38 57.68 49.09 58.85 62.52
3 51.64 57.38 60.54 44.83 50.84 53.47 46.19 50.48 58.29
4 54.89 57.41 64.04 43.19 48.32 52.12 43.50 45.95 49.68
5 51.47 54.93 58.92 47.56 51.18 54.93 49.95 54.86 60.12
6 51.95 54.07 56.06 45.25 49.20 52.37 44.46 50.98 55.12
7 65.05 67.33 70.82 60.10 62.68 70.23 50.11 55.76 67.03
8 62.52 65.18 69.50 49.41 53.49 58.27 57.82 61.83 70.11
9 61.13 66.53 74.31 50.35 55.78 58.49 48.65 55.11 64.28

10 61.46 71.72 70.33 47.55 51.91 55.99 50.57 52.06 54.88
11 54.96 58.05 62.91 44.18 52.74 56.08 46.05 50.75 53.28
12 53.49 57.30 62.60 50.46 53.39 55.53 52.46 53.97 49.55
13 59.19 65.94 68.22 45.31 46.42 50.10 48.67 51.52 50.13

M ean 58.35 62.84 66.23 50.03 53.56 56.95 48.99 53.84 58.41
SE 1.70 1.99 1.70 1.81 1.42 1.52 1.02 1.16 1.92

Table D.2: M axim um  aperture in closed-loop grasping. 3x3 ANOVA  
sum m ary table

Source df SS MS F
Betw een subjects 12 2384.390
W ithin subjects 104 4592.647
Condition 2 2033.912 1016.956 28.778
Error fCondition) 24 848.114 35.338
Size 2 1272.165 636.083 118.002
Error (Size) 24 129.370 5.390
Condition x  Size 4 21.801 5.450 0.911
Error (Condition x  Size) 48 287.285 5.985
Total 116 6977.037
> < 0.001
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D. Data and analyses relating to Experiment 4

Table D.3: M ovem ent duration in closed-loop grasping. M eans for each 
subject (seconds)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45m m 50mm 40mm 45mm 50mm

1 0.86 0.84 0.86 0.87 0.89 0.91 0.85 0.79 0.81
2 0.73 0.74 0.74 0.80 0.87 0.81 0.81 0.79 0.80
3 0.84 0.83 0.84 0.81 0.90 0.86 0.85 0.86 0.87
4 0.88 0^8 0.86 0.85 0.91 0.91 0.88 0.95 0.92
5 1.24 1.22 1.30 1.11 1.10 1.12 1.32 1.21 1.32
6 0.81 0.78 0.79 0.79 0.79 0.82 0.87 0.88 0.87
7 0.95 0.98 0.97 0.93 0.96 0.92 0.99 1.00 0.98
8 0.60 0.66 0.64 0.68 0.69 0.69 0.65 0.67 0.67
9 1.06 0.96 0.97 1.03 1.10 1.09 1.01 0.98 0.98

10 0.90 0.86 0.79 0.96 0.98 0.97 0.97 0.96 0.97
11 0.85 0.81 0.85 0.77 0.82 0.90 0.88 0.82 0.85
12 0.91 0.85 0.88 0.87 0.91 0.88 0.89 0.97 0.91
13 0.81 0.83 0.84 0.92 0.79 0.81 0.88 0.93 0.90

M ean 0.88 0.86 0.87 0.88 0.90 0.90 0.91 0.91 0.91
SE 0.04 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.04

Table D.4: M ovem ent duration in closed-loop grasping. 3x3 ANOVA  
sum m ary table

Source df SS MS F
B etw een subjects 12 1.834
W ithin subjects 104 0.228
Condition 2 0.030 0.015 2.932
Error (Condition) 24 0.123 0.005
Size 2 0.001 0.000 0.333
Error (Size) 24 0.023 0.001
Condition x  Size 4 0.006 0.002 1.653
Error (Condition x  Size) 48 0.045 0.001
Total 116 2.062
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D. Data and analyses relating to Experiment 4

Table D.5: T im e to  reach meiximum aperture in closed-loop grasping. 
M eans for each subject (seconds)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 0.32 0.29 0.40 0.36 0.25 0.32 0.43 0.36 0.40
2 0.50 0.52 0.52 0.60 0.69 0.67 0.69 0.68 0.67
3 0.64 0.62 0.58 0.70 0.78 0.70 0.74 0.76 0.72
4 0.68 0.71 0.64 0.57 0.72 0.75 0.31 0.60 0.71
5 1.08 1.06 1.20 1.00 1.00 1.07 1.12 0.99 1.08
6 0.66 0.62 0.65 0.73 0.72 0.76 0.78 0.85 0.85
7 0.66 0.73 0.70 0.76 0.85 0.77 0.82 0.87 0.69
8 0.37 0.45 0.40 0.48 0.47 0.47 0.47 0.50 0.51
9 0.77 0.77 0.67 0.93 0.88 0.94 0.76 0.89 0.83

10 0.65 0.57 0.58 0.67 0.61 0.67 0.65 0.72 0.79
11 0.57 0.61 0.62 0.67 0.64 0.60 0.85 0.66 0.64
12 0.77 0.61 0.68 0.76 0.81 0.81 0.77 0.76 0.70
13 0.48 0.43 0.61 0.70 0.69 0.73 0.45 0.81 0.83

M ean 0.62 0.61 0.63 0.69 0.70 0.71 0.68 0.73 0.72
SE 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05

Table D.6: T im e to  reach m axim um  aperture in closed-loop grasping. 
3x3 ANO VA sum m ary table

Source df SS MS F
B etw een subjects 12 3.181
W ithin subjects 104 0.791
Condition 2 0.170 0.085 8.516
Error (Condition) 24 0.240 0.010
Size 2 0.013 0.007 0.995
Error (Size) 24 0.161 0.007
Condition x  Size 4 0.011 0.003 0.680
Error (Condition x  Size) 48 0.196 0.004
Total 116 3.972
'p<0.05
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D. Data and analyses relating to Experiment 4

Table D.7: Norm alised tim e to  reach m axim um  aperture in closed-
loop grasping. M eans for each subject (% tota l m ovem ent duration)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40m m 45mm 50mm 40mm 45mm 50mm

1 37.20 33.68 45.84 39.81 29.05 35.49 51.55 45.14 49.24
2 68.07 70.77 70.49 75.16 79.79 82.67 85.50 8&28 84.15
3 75.81 74.87 68.75 87.32 85.73 81.33 87.03 88.08 82.94
4 77.32 80.99 74.77 66.81 79.56 82.08 34.80 64.06 77.42
5 87.35 87.54 91.95 90.37 91.23 95.38 85.03 81.53 82.51
6 81.11 78.81 82.54 92.13 91.34 92.95 89.11 96.56 97.00
7 69.79 74.13 72.62 81.76 8&39 8&38 82.77 86.81 68.97
8 61.33 68.32 63.20 71.32 67.83 68.47 72.36 76.81 75.64
9 73.05 74.54 69.13 90.52 81.98 85.76 75.02 93.06 84.23

10 71.87 66.23 73.17 70.31 61.44 68.02 67.53 74.80 80.58
11 66.99 75.06 73.69 87.20 78.05 66.67 96.34 80.49 75.66
12 84.25 70.94 77.49 86.96 8&22 92.59 86.54 78.08 77.16
13 59.69 51.39 73.04 77.53 87.71 89.94 50.34 87.16 92.22

M ean 70.30 69.79 72.05 78.25 77.79 78.83 74.15 79.91 79.06
SE 3.58 3.82 2.93 3.98 4.76 4.48 5.08 3.72 3.20

Table D.8: Norm alised tim e to  reach m axim um  aperture in closed-loop  
grasping. 3x3 ANOVA sum m ary tab le

Source df SS MS F
B etw een subjects 12 15907.739
W ithin  subjects 104 8312.957
Condition 2 1386.195 693.098 5.840
Error (Condition) 24 2848.527 118.689
Size 2 117.761 58.880 0.740
Error (Size) 24 1910.076 79.586
C ondition x  Size 4 177.530 44.382 1.137
Error (Condition x  Size) 48 1872.868 38.018
Total 116 24220.696
> < 0.001
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D. Data and analyses relating to Experiment 4

Table D.9: M axim um  wrist displacem ent in closed-loop grasping. 
M eans for each subject (m m )

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45 mm 50mm 40mm 45mm 50mm

1 241.00 239.81 241.00 238.98 234.58 236.78 254.25 245.68 278.67
2 222.34 219.82 215.92 224.04 222.24 220.53 244.61 248.64 254.37
3 235.04 236.31 236.46 235.47 238.40 239.94 244.31 244.84 248.75
4 252.19 254.05 262.95 260.73 268.50 267.95 273.01 280.50 281.99
5 270.61 271.56 273.55 266.00 271.83 270.91 282.42 282.49 288.91
6 249.25 249.12 247.43 250.51 250.83 250.12 269.58 270.53 270.14
7 228.19 224.82 227.66 222.87 224.86 22283 256.66 263.03 266.93
8 237.91 245.89 242.88 239.89 239.26 245.72 277.13 275.22 283.51
9 243.63 241.19 245.30 247.10 247.62 251.31 242.63 248.90 252.62
10 230.48 236.49 229.49 251.31 255.92 259.55 283.93 276.19 285.18
11 249.35 245.53 251.18 252.73 244.70 252.34 259.41 270.59 264.89
12 273.34 273.85 278.78 272.67 284.94 271.08 269.19 277.02 264.02
13 241.67 237.93 238.64 242.18 238.67 242.44 272.78 265.23 268.37

M ean 244.23 244.34 245.48 246.50 247.87 248.58 263.84 265.30 269.87
SE 4.18 4.32 4.96 4.12 5.11 4.55 4.02 3.83 3.63

Table D.IO: Matximum wrist displacem ent in closed-loop grasping. 3x3 
ANO VA sum m ary table

Source df SS MS F
Betw een subjects 12 19671.028
W ithin subjects 104 17675.535
Condition 2 10749.968 5374.984 24.327
Error (Condition) 24 5302.766 220.949
Size 2 198.672 99.336 5.003
Error (Size) 24 476.548 19.856
Condition x  Size 4 100.597 25.149 1.425
Error (Condition x  Size) 48 846.984 17.645
Total 116 37346.563
><0.05 *><0.001

261



D. Data and analyses relating to Experiment 4

Table D . l l :  M axim um  wrist 
each subject (m m)

height in closed-loop grasping. M eans for

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 297.27 298.10 241.00 288.03 288.95 236.78 288.48 298.04 278.67
2 293.92 292.72 287.41 306.28 305.43 304.75 290.32 295.59 299.36
3 281.49 285.05 284.00 286.00 293.86 289.40 285.40 284.36 289.39
4 293.41 290.90 292.49 301.82 297.37 301.82 298.39 296.54 300.07
5 302.16 297.08 304.13 297.58 300.88 300.81 304.45 302.30 302.05
6 277.86 282.61 280.42 279.36 279.82 276.25 283.93 284.49 281.43
7 261.47 261.15 260.77 278.77 274.93 275.86 276.21 274.22 277.30
8 256.18 263.45 259.68 251.60 251.65 260.38 267.29 266.57 267.03
9 281.26 273.48 279.70 284.86 282.38 281.33 285.46 281.68 287.80

10 264.64 267.48 276.02 278.94 279.82 289.45 273.15 272.27 269.17
11 302.96 294.19 295.89 291.33 296.50 299.52 295.78 306.98 296.70
12 316.52 313.62 319.35 319.35 316.75 320.45 317.79 325.66 314.15
13 276.99 271.64 281.69 291.37 279.84 280.27 291.65 294.27 291.75

Mean 285.09 283.96 281.73 288.87 2S&32 285.93 289.10 291.00 288.83
SE 4.97 4.35 5.60 4.52 4.54 5.96 3.71 4.46 3.82

Table D . l 2: M axim um  w rist height in closed-loop grasping. 
ANOVA sum m ary table

3x3

Source df SS MS F
B etw een subjects 12 24636.712
W ithin subjects 104 7464.480
Condition 2 744.567 372.283 5.197
Error (Condition) 24 1719.154 71.631
Size 2 128.667 64.333 0.442
Error (Size) 24 3493.231 145.551
Condition x  Size 4 46.855 11.714 0.422
Error (Condition x  Size) 48 1332.006 27.750
Total 116 32101.192
><0.05
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D. Data and analyses relating to Experiment 4

Table D.13: Tim e to  reach m axim um  wrist height in closed-loop grasp
ing. M eans for each subject (seconds)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 0.33 0.33 0.35 0.38 0.35 0.35 0.37 0.32 0.35
2 0.20 0.20 0.21 0.24 0.27 0.24 0.31 0.31 0.31
3 0.27 0.26 0.26 0.24 0.29 0.26 0.28 0.28 0.30
4 0.34 0.34 0.32 0.35 0.37 0.36 0.33 0.36 0.36
5 0.87 0.99 0.82 0.64 0.58 0.67 0.81 0.92 1.02
6 0.31 0.30 0.29 0.31 0.31 0.30 0.34 0.35 0.34
7 0.35 0.33 0.35 0.35 0.39 0.36 0.57 0.44 0.44
8 0.46 0.40 0.47 0.32 0.41 0.37 0.42 0.36 0.46
9 0.38 0.35 0.37 0.43 0.44 0.46 0.41 0.40 0.42
10 0.31 0.29 0.28 0.32 0.36 0.33 0.39 0.34 0.36
11 0.34 0.34 0.36 0.33 0.40 0.38 0.37 0.42 0.46
12 0.39 0.33 0.35 0.34 0.37 0.33 0.34 0.38 0.36
13 0.25 0.27 0.25 0.29 0.28 0.27 0.31 0.32 0.31

M ean 0.37 0.36 0.36 0.35 0.37 0.36 0.40 0.40 0.42
SE 0.05 0.05 0.04 0.03 0.02 0.03 0.04 0.05 0.05

Table D.14: T im e to  reach m axim um  wrist height in closed-loop grasp
ing. 3x3 ANOVA sum m ary table

Source df SS MS F
B etw een subjects 12 2.139
W ithin  subjects 104 0.329
Condition 2 0.055 0.027 3.436
Error (Condition) 24 0.191 0.008
Size 2 0.001 0.000 0.487
Error (Size) 24 0.020 0.001
Condition x  Size 4 0.006 0.001 1.208
] Error (Condition x  Size) 48 0.056 0.001
Total 116 2.378
*p<0.05
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D. Data and analyses relating to Experiment 4

Table D.15: Norm alised tim e to  reach m axim um  
loop grasping. M eans for each subject (% total

wrist height in closed- 
m ovem ent duration)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 38.64 39.57 40.67 42.57 38.99 38.94 43.03 40.51 43.27
2 27.15 27.03 28.55 29.80 30.55 29.90 38.19 38.59 3&98
3 32.33 31.12 30.58 30.20 32.09 30.75 32.43 32.29 33.75
4 38.76 38.19 37.31 41.72 41.22 39.13 37.84 37.93 39.13
5 69.35 81.70 63.58 57.14 52.95 60.63 62.65 75.38 78.44
6 38.06 38.00 36.51 39.10 38.77 36.64 39.41 39.80 39.00
7 36.24 33.35 35.97 37.78 40.48 38.71 58.11 43.17 44.20
8 78.26 59.96 74.77 47.32 58.96 53.30 65.10 55.11 67.06
9 36.04 36.09 38.19 42.05 39.92 42.15 40.80 40.66 42.84

10 34.76 33.64 35.08 33.67 36.53 34.61 39.18 33.08 36.70
11 39.72 41.49 42.26 42.87 48.78 42.22 42.32 51.22 54.32
12 42.58 38.81 39.67 38.91 40.35 36.59 38.82 38.76 39.56
13 30.69 32.22 30.17 31.84 35.40 33.60 34.89 34.42 34.07

M ean 41.74 40.86 41.02 39.61 41.15 39.78 44.06 43.15 45.49
SE 4.14 4.04 3.70 2.09 2.23 2.40 2.96 3.24 3.71

Table D.16: Norm alised tim e to  reach m axim um  wrist height in closed- 
loop grasping. 3x3 ANOVA sum m ary table

Source df SS MS F
Betw een subjects 12 12618.313
W ithin subjects 104 2638.405
Condition 2 345.742 172.871 3.276
Error (Condition) 24 1266.550 52.773
Size 2 3.069 4.535 0.131
Error (Size) 24 282.079 11.753
Condition x  Size 4 57.258 14.314 1.005
Error (Condition x  Size) 48 683.707 14.244
Total 116 15256.718

264



D. Data and analyses relating to Experiment 4

Table D.17: M axim um  wrist velocity in closed-loop grasping. M eans 
for each subject (m m /s)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 539.02 533.39 530.53 517.31 500.09 491.27 542.40 569.55 554.78
2 593.51 591.71 561.56 634.50 581.70 597.53 516.87 537.00 577.52
3 524.26 550.87 530.71 605.23 565.81 599.80 557.15 552.06 559.78
4 540.35 525.04 562.58 579.79 565.02 576.92 567.90 560.29 595.45
5 384.91 412.79 376.99 442.13 477.01 426.21 427.26 451.01 440.87
6 589.44 601.38 603.96 594.80 597.03 596.09 596.81 599.98 588.37
7 408.59 398.14 401.50 463.97 438.70 468.55 434.21 446.30 456.13
8 712.28 679.88 683.34 661.59 642.29 661.95 745.53 759.45 776.89
9 410.10 419.38 437.28 406.40 398.44 425.17 445.15 458.34 455.27

10 473.68 538.57 534.88 524.38 537.49 562.91 616.38 599.77 605.10
11 573.42 553.26 567.41 561.71 528.49 555.77 523.75 570.40 555.36
12 626.87 617.19 636.40 594.72 627.89 597.60 616.37 596.40 570.79
13 556.41 525.30 548.22 513.33 504.78 546.50 581.37 537.73 548.45

M ean 533.30 534.38 536.57 546.14 535.75 546.64 551.63 556.79 560.37
SE 26.09 23.09 24.30 21.21 19.85 20.17 24.27 22.73 23.71

Table D.18: M axim um  w rist velocity in closed-loop grasping. 
ANOVA sum m ary tab le

3x3

Source df SS MS F
Betw een subjects 12 659943.780
W ithin subjects 104 87543.729
Condition 2 9209.920 4604.960 2.004
Error (Condition) 24 55147.139 2297.797
Size 2 650.985 325.493 1.068
Error (Size) 24 7312.772 304.699
Condition x Size 4 905.679 226.420 0.759
Error (Condition x  Size) 48 14317.234 298.276
Total 116 747487.509
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D. Data and analyses relating to Experiment 4

Table D.19: T im e to  reach m axim um  wrist velocity  in closed-loop  
grasping. M eans for each subject (seconds)

Subject Natural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 0.37 0.39 0.42 0.41 0.38 0.39 0.36 0.36 0.36
2 0.28 0.28 0.29 0.31 0.33 0.31 0.33 0.32 0.33
3 0.33 0.33 0.33 0.29 0.32 0.30 0.32 0.32 0.32
4 0.32 0.34 0.32 0.32 0.34 0.33 0.34 0.35 0.34
5 0.49 0.48 0.48 0.46 0.47 0.46 0.56 0.44 0.52
6 0.34 0.31 0.30 0.28 0.28 0.30 0.31 0.32 0.31
7 0.42 0.41 0.40 0.39 0.41 0.40 0.44 0.41 0.39
8 0.20 0.23 0.22 0.21 0.22 0.21 0.23 0.23 0.23
9 0.37 0.36 0.35 0.34 0.37 0.35 0.34 0.34 0.33
10 0.35 0.38 0.31 0.39 0.40 0.38 0.37 0.36 0.36
11 0.31 0.32 0.32 0.30 0.32 0.32 0.28 0.30 0.30
12 0.42 0.34 0.35 0.33 0.41 0.32 0.36 0.38 0.39
13 0.28 0.28 0.30 0.32 0.29 0.30 0.28 0.32 0.27

M ean 0.35 0.34 0.34 0.33 0.35 0.33 0.35 0.34 0.34
SE 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02

Table D.20: T im e to  reach m axim um  wrist velocity  in closed-loop  
grasping. 3x3 ANOVA summeu-y table

Source df SS MS F
B etw een subjects 12 0.439
W ithin subjects 104 0.045
Condition 2 0.001 0.000 0.419
Error (Condition) 24 0.017 0.001
Size 2 0.001 0.000 1.634
Error (Size) 24 0.006 0.000
Condition x  Size 4 0.002 0.000 1.106
Error (Condition x  Size) 48 0.019 0.000
Total 116 0.484
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D. Data and analyses relating to Experiment 4

Table D.21: Norm alised tim e to reach m axim um  wrist velocity in
closed-loop grasping. M eans for each subject (% total m ovem ent du
ration)

Subject N atural 3D 2D Pantom im ed
40mm 45mm 50mm 40mm 45mm 50mm 40mm 45mm 50mm

1 43.23 46.02 48.77 46.84 43.30 42.82 42.62 45.45 44.77
2 38.52 38.41 39.41 38.19 37.64 37.72 41.11 40.78 41.20
3 39.98 39.44 38.74 36.21 36.26 35.05 37.69 37.63 36.62
4 37.12 38.37 37.20 37.93 37.16 36.37 38.73 36.76 37.16
5 39.80 39.54 37.08 41.42 42.54 40.29 41.66 36.49 39.25
6 42.45 40.29 37.56 34.97 35.57 36.00 35.67 36.36 34.97
7 43.63 42.12 41.80 41.26 42.76 43.48 44.19 40.99 39.49
8 34.26 34.46 34.48 31.37 31.71 30.97 34.66 34.56 34.35
9 35.02 36.81 35.83 32.71 33.61 31.89 33.55 34.75 33.89
10 39.46 43.87 38.98 40.26 41.15 39.28 38.78 37.24 37.58
11 36.92 39.32 37.97 38.92 39.02 35.56 31.97 36.59 34.80
12 46.11 39.94 39.40 37.35 44.78 35.97 40.55 39.20 42.68
13 34.70 34.17 35.62 34.98 36.62 36.76 32.00 34.30 30.36

M ean 39.32 39.44 38.68 37.88 38.62 37.09 37.94 37.78 37.47
SE 1.04 0.92 0.99 1.13 1.11 1.02 1.13 0.87 1.10

Table D.22: Norm alised tim e to  reach m axim um  wrist velocity in  
closed-loop grasping. 3x3 ANOVA sum m ary table

Source df SS MS F
Betw een subjects 12 1165.034
W ithin subjects 104 421.882
Condition 2 47.887 23.944 3.728
Error (Condition) 24 154.123 6.422
Size 2 15.708 7.854 5.328
Error (Size) 24 35.378 1.474
Task X Size 4 5.431 1.358 0.399
Error (Task x Size) 48 163.355 3.403
Total 116 1586.916
><0.05
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Appendix E. Data and analyses relating to 
Experiments 3 and 4: Comparison of open- and 

closed-loop grasping

Table E .l: M axim um  grip aperture in open- and closed-loop grasping. 
2x3 ANOVA sum m ary tab le

Source df SS MS F
Betw een subjects 26 2547.271
Loop 1 381.733 381.733 4.407
Error (Loop) 25 2165.538 86.622
W ith in subjects 54 5137.49
C ondition 2 3272.581 1636.290 56.650
C ondition x  Loop 2 420.690 210.345 7.282
Error (Condition) 50 1444.219 28.884
Total 80 7684.761
*p<0.05 **p<0.005 ***p<0.001

Table E.2: M ovem ent duration in open- and closed-loop grasping. 2x3 
ANOVA sum m ary table

Source df SS MS F
B etw een subjects 26 2.138
Loop 1 0.044 0.044 0.522
Error (Loop) 25 67.540 0.084
W ith in  subjects 54 0.215
C ondition 2 0.041 0.020 5.960
C ondition x  Loop 2 0.003 0.002 7.282
Error (Condition) 50 0.171 0.003
Total 80 2.353
'p<0.001
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E. Data and analyses relating to Experiments 3 and 4:
Comparison o f open and closed loop grasping

Table E.3: T im e to  reach m axim um  aperture in open- and closed-loop  
grasping. 2x3 ANO VA sum m ary table

Source df SS MS F
Betw een subjects 26 2.928
Loop 1 0.053 0.053 0.460
Error (Loop) 25 11875 0.115
W ith in subjects 54 0.522
C ondition 2 0.265 0.133 30.196
C ondition x  Loop 2 0.037 0.018 4.176
Error (C ondition) 50 0.220 0.004
Total 80 3.450
"p<0.05 "*p<0.001

Table E.4: N orm alised tim e to  reach m axim um  aperture in open- and  
closed-loop grasping. 2x3 ANOVA sum m ary table

Source df SS MS F
Betw een subjects 26 7334.741
Loop 1 14.550 14.550 0.050
Error (Loop) 25 7330.191 293.208
W ithin  subjects 54 393.152
C ondition 2 1707.004 853.502 24.447
C ondition x  Loop 2 242.645 121.323 3.479
Error (C ondition) 50 1743.503 34.870
Total 80 11027.893
*p<0.005 *><0.001

Table E.5: M axim um  wrist displacem ent in open- and closed-loop  
grasping. 2x3 ANO V A  summeury table

Source df SS M S F
Betw een subjects 26 25199.053
Loop 1 14958.092 14958.092 36.515
Error (Loop) 25 10240.961 409.638
W ithin  subjects 54 9578.370
C ondition 2 3993.494 1996.747 20.832
C ondition x  Loop 2 792.347 396.173 4.133
Error (C ondition) 50 4792.529 95.851
Total 80 34777.423
> <0.05  **p<0.001
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E. Data and analyses relating to Experinnents 3 and 4:
Comparison o f open and closed loop grasping

Table E.6: M axim um  wrist height in open- and closed-loop grasping. 
2x3 ANOVA sum m ary table

Source df SS M S F
B etw een subjects 26 14665.453
Loop 1 2338.670 2338.670 4.743
Error (Loop) 25 12326.783 493.071
W ithin  subjects 54 2489.028
Condition 2 447.463 223.731 5.486
C ondition x  Loop 2 2.600 1.300 0.032
Error (Condition) 50 2038.965 40.779
Total 80 17154.481
*p<0.05 **p<0.01

Table E.7: T im e to  m axim um  wrist height in open- and closed-loop  
grasping. 2x3 ANO VA sum m ary table

Source d f SS MS F
Betw een subjects 26 1.201
Loop 1 0.000 0.000 0.006
Error (Loop) 25 1.201 0.048
W ithin subjects 54 0.290
Condition 2 0.065 0.032 7.479
C ondition x  Loop 2 0.008 0.004 0.919
Error (C ondition) 50 0.217 0.004
Total 80 1.491
*p<0.005

Table E.8: Norm alised tim e to  m axim um  wrist height in open- and 
closed-loop grasping. 2x3 ANOVA sum m ary table

Source df SS M S F
B etw een subjects 26 8516.766
Loop 1 24.616 24.616 0.072
Error (Loop) 25 8492.150 339.686
W ithin  subjects 54 2749.605
Condition 2 413.880 206.940 4.563
C ondition x  Loop 2 67.906 33.953 0.749
Error (C ondition) 50 2267.819 45.356
Total 80 11266.371
'p<0.05
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E. Data and analyses relating to Experiments 3 and 4:
Comparison o f open and closed loop grasping

Table E.9: M axim um  wrist velocity in open- and closed-loop grasping. 
2x3 ANOVA sum m ary table

Source d f SS M S F
B etw een subjects 26 865293.580
Loop
Error (Loop)

1
25

112566.580
752727.000

112566.580
30109.080

3.739

W ith in  subjects 54 70803.467
C ondition  
C ondition x  Loop 
Error (C ondition)

2
2
50

467.550
3791.174

66544.743

233.775
1895.587
1330.895

0.176
1.424

Total 80 936097.047

Table E.IO: T im e to  m axim um  wrist velocity  in open- and closed-loop  
grasping. 2x3 ANO VA sum m ary table

Source df SS M S F
B etw een subjects 26 0.454
Loop 1 0.000 0.000 0.002
Error (Loop) 25 0.454 0.018
W ith in  subjects 54 (1232
Condition 2 0.002 0.001 1.909
C ondition x  Loop 2 0.000 0.000 0.919
Error (C ondition) 50 0.021 0.000
Total 80 0.686

Table E .l l :  N orm alised tim e to  m axim um  w rist velocity  in open- and  
closed-loop grasping. 2x3 ANOVA sum m ary table

Source df SS M S F
B etw een subjects 26 961.690
Loop 1 59.684 59.684 1.654
Error (Loop) 25 902.006 36.080
W ith in  subjects 54 206.195
C ondition 2 38.643 19.322 5.838
Condition x  Loop 2 2.066 1.033 0.312
Error (C ondition) 50 165.486 3.310
Total 80 1167.885
'p<0.01
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Appendix F. Data and analyses relating 
to Experiment 5

Table F .l:  Grasping condition. M eans for each subject

Subject 3]D 2]D
Large Circles Small Circles Large Circles Sm all Circles

1 70.16 69.33 66.73 66.12
2 57.17 58.56 41.44 43.55
3 63.13 61.57 56.42 58.12
4 56.54 60.53 44.42 46.07
5 66.14 69.50 55.66 56.59
6 69.53 65.21 56.45 49.19
7 60.36 63.14 49.60 52.09
8 69.30 6&08 53.05 54.75
9 69.71 73.22 59.52 63.34

10 60.08 59.28 3&78 39.64
11 68.63 72.04 60.31 64.39
12 62.67 64.27 49.62 52.29
13 56.52 58.68 48.49 50.66

M ean 63.84 6A88 52.19 53.60
SE 1.49 1.42 229 2.24

Table F.2: Grasping condition. 2x2 ANO V A  sum m ary table

Source d f SS MS F
B etw een subjects 12 1900.972
W ith in  subjects 39 2090.395
D im ension  
Error (D im ension)

1
12

1708.424
273.795

1708.424
22.816

74.877

Annulus Size 
Error (Annulus Size)

1
12

19.435
75.024

19.435
6.252

3.109

D im ension x  Annulus Size 
Error (D im ension x  Annulus Size)

1
12

0.445
13.272

0.445
1.106

0.402

Total 51 3991.367
*p<0.001
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F. Data and analyses relating to Experiment 5

Table F .3: E stim ation condition. M eans for each subject

Subject 3]D 2]D
Large Circles Small Circles Large Circles Sm all Circles

1 61.31 64.55 63.25 68.05
2 40.05 41.30 41.67 44.18
3 57.75 55.98 56.92 60.18
4 46.88 48.79 44.77 47.76
5 57.35 57.65 5&80 58.46
6 53.26 55.10 44.57 59.29
7 49.68 53.20 54.54 52.08
8 58.96 63.83 58.23 67.46
9 56.49 59.46 57.09 57.18

10 37.37 41.85 35.08 35.39
11 53.96 57.94 50.90 53.86
12 75.72 80.25 68.70 76.29
13 35 22 33.79 31.13 31.08

M ean 52.61 54.90 51.05 54.71
SE 3.05 3.30 3.05 3.56

Table F .4: E stim ation condition. 2x2 ANO VA sum m ary table

Source df SS M S F
B etw een subjects 12 6322.571
W ith in  subjects 39 378.169
Dim ension  
Error (D im ension)

1
12

9.950
92.724

9.950
7.727

1.288

Annulus Size 
Error (Annulus Size)

1
12

114.843
88.216

114.843
7.351

15.622

D im ension x  Annulus Size 
Error (D im ension x  Annulus Size)

1
12

6.186
66.520

6.186
5.543

1.116

Total 51 6700.740
*p<0.001
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Appendix G. Data and analyses relating 
to Experiment 6

Table G .l: Im m ediate grasping condition. M eans for each subject

S u b jec t 3]D 2D
L arge C ircles S m all C irc les L arge C irc les S m all C irc les

1 76.83 79.11 51.88 51.29
2 71.21 74.53 62.20 63.01
3 62.79 61.31 46.73 46.91
4 60.08 61.74 52.50 51.96
5 55.57 55.97 50.54 52.99
6 54.48 53.79 42.29 44.12
7 63.96 66.43 33.01 36.20
8 53.75 54.87 42.56 42.89
9 64.54 64.86 51.30 52.96

10 66.17 65.54 50.88 52.97
11 63.28 59.64 60.13 56.07
12 57.95 58.99 44.64 46.12
13 59.71 57.93 47.46 47.96
14 60.74 61.37 59.25 64.36

M ea n 62.22 62.58 49.67 50.70
SE 1.70 1.92 2.09 2.02

Table G.2: Im m ediate grasping condition. 2x2 ANOVA sum m ary table

S ou rce d f SS M S F
B e tw e e n  su b je c ts 13 1801.637
W ith in  su b je c ts 42 3032.660
D im e n sio n  
E rror (D im en sio n )

1
13

2087.994
884.374

2087.994
68.029

30.693

A n n u lu s  S ize  
E rror (A n n u lu s S ize)

1
13

6.754
36.389

6.754
2.799

2.413

D im e n sio n  x  A n n u lu s S ize  
E rror (D im en sio n  x  A n n u lu s S ize)

1
13

1.588
15.561

1.588
1.197

1.326

T ota l 55 4834.297

*p<0.001
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G. Data and analyses relating to Experiment 6

Table G .3: Delayed grasping condition. M eans for each subject

S u b ject 3]D 2]D
L arge C ircles S m all C irc les L arge C ircles S m all C irc les

1 74.35 72.90 49.71 50.07
2 71.88 74.84 58.66 60.47
3 69.60 68.15 47.83 50.47
4 73.24 72.59 60.65 59.59
5 61.63 63.78 49.24 55.08
6 59.93 59.04 47.14 49.47
7 67.77 67.69 48.48 41.15
8 55.94 58.05 43.32 46.53
9 65.53 60.06 53.64 56.93

10 71.79 82.98 56.22 59.68
11 62.91 64.03 56.18 58.93
12 63.42 68.71 49.80 55.34
13 59.93 65.97 43.20 50.24
14 72.42 73.79 60.97 64.19

M ean 66.45 68.04 51.79 54.15
SE 1.58 1.86 1.59 1.70

Table G.4: Delayed grasping condition. 2x2 ANOVA sum m ary table

S ou rce bf SS M S F
B e tw e e n  su b je c ts 13 1504.699
W ith in  su b je c ts 42 3480.263
D im e n sio n  
E rror (D im en sio n )

1
13

2853.659
385.578

2853.659
29.660

96.213

A n n u lu s S ize  
E rror (A n n u lu s S ize)

1
13

54.726
125.596

54.726
9.661

5.665

D im e n sio n  x  A n n u lu s S ize  
E rror (D im en sio n  x  A n n u lu s S ize)

1
13

2.108
58.596

2.108
4.507

0.468

T ota l 55 4984.962

*p<0.05 **p<0.001
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G. Data and analyses relating to Experiment 6

Table G .5: Im m ediate and Delayed grasping condition. 2x2x2 ANOVA  
sum m ary table

S o u r c e d f SS M S F
B e tw e e n  s u b je c t s 13 2926.105
W ith in  s u b je c t s 98 7301.202
C o n d it io n  
E rro r  (C o n d itio n )

1
13

408.052
380.231

408.052
29.249

13.951

D im e n s io n  
E rro r  (D im e n s io n )

1
13

4911.814
1112.673

4911.814
85.590

57.388

A n n u lu s  S iz e  
E rro r  (A n n u lu s  S ize)

1
13

49.966
69.004

49.966
5.308

9.413

C o n d it io n  x  D im e n s io n  
E rro r  (C o n d itio n  x  D im en s io n )

1
13

29.838
157.278

29.838
12.098

2.466

C o n d it io n  x  A n n u lu s  S iz e  
E rro r  (C o n d itio n  x  A n n u lu s  S ize)

1
13

11.514
92.980

11.514
7.152

1.610

D im e n s io n  x  A n n u lu s  S iz e
E rro r  (D im e n s io n  x  A n n u lu s  S ize)

1
13

3.677
39.146

3.677
3.011

1.221

C o n d it io n  x  D im e n s io n  x  A n n u lu s  S iz e
E rro r  (C o n d itio n  x  D im e n s io n  x  A n n u lu s  S ize)

1
13

0.018
35.011

0.018
2.693

0.007

T o ta l 111 10227.307

*p<0.01 **p<0.005 ***p<0.001
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Appendix H. Data and analyses relating 
to Experiment 7

Table H .l: M axim um  grip aperture. M eans for each subject (m m)

S u b je c t
3D  (n o  h a p tic  

fe ed b a ck )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
S ize  (m m ) S ize (m m ) S ize  (m m ) S ize  (m m ) S ize  (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 62.14 72.30 74.01 62.93 69.60 74.69 57.83 61.16 68.79 59.81 65.08 75.02 62.46 73.16 79.38
2 72.40 73.95 81.03 67.03 74.22 80.87 63.81 69.22 73.29 77.68 86.03 92.72 74.89 74.51 75.01
3 44.43 46.33 55.23 46.63 55.85 71.04 50.08 53.06 54.11 46.19 47.73 58.91 59.84 60.79 69.86
4 40.18 43.64 47.38 52.80 47.02 53.04 39.81 42.89 46.01 41.69 48.12 55.26 46.89 50.76 54.07
5 46.67 51.46 58.19 52.01 55.81 64.27 47.95 53.74 59.62 46.02 53.24 63.55 61.77 66.51 73.40
6 49.00 53.22 60.03 46.89 50.17 56.38 46.61 51.32 58.54 51.60 57.12 62.31 62.13 62.88 68.81
7 57.76 59.80 70.05 58.11 57.65 66.22 56.90 62.50 68.26 59.35 70.23 71.43 70.65 79.25 82.49
8 47.08 49.64 53.21 44.67 46.63 48.70 42.08 43.02 49.14 48.21 48.85 53.57 64.77 69.01 77.10
9 45.53 50.69 55.30 42.50 48.61 52.60 45.79 48.23 56.09 44.38 49.97 57.82 67.76 72.17 73.58

10 60.19 59.39 74.38 54.03 66.19 67.02 60.72 63.31 67.68 58.93 64.57 60.90 70.81 72.38 73.69
11 53.39 56.69 62.06 55.80 66.82 67.18 49.71 55.78 62.40 62.94 67.28 80.12 61.96 68.47 72.93
12 57.69 52.34 61.18 49.64 46.91 57.50 45.39 51.08 61.30 49.14 51.07 63.27 88.38 89.88 95.94
13 50.83 51.28 60.28 52.43 55.83 62.21 48.57 49.31 58.28 42.53 55.59 53.88 82.35 85.57 88.08
14 63.67 71.90 77.89 58.40 61.35 63.16 64.29 69.95 81.47 48.37 57.84 63.51 80.14 89.91 87.46

M e a n 53.64 56.62 63.59 53.13 57.33 63.21 51.40 55.33 61.78 52.63 58.76 65.16 68.20 72.52 76.56
S E 2.41 2.61 2.72 1.86 2.44 2.40 2.12 2.33 2.54 2.67 2.90 2.97 2.86 2.96 2.70

Table H.2: M axim um  grip aperture. 5x3 ANO VA sum m ary table

Source df SS MS F
B etw een Subjects 13 11587.424
W ith in  Subjects 196 17881.049
C ondition 4 7428.901 1857.225 17.078
Error (Condition) 52 5654.814 108.746
Size 2 3715.349 1857.675 196.240
Error (Size) 26 246.125 9.446
Condition x  Size 8 90.278 11.285 1.574
Error (Condition x  Size) 104 745.582 7.169
Total 209 29468.473
*p<0.001
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H. Data and analyses relating to Experiment 7

Table H .3: M axim um  grip aperture in first and last trials for natural 
3D and 3D grasping w ithout haptic feedback. M eans for each subject 
(mm)

Subject
3D (no haptic feedback) N atural 3D

Size (mm) Size (mm) Size (mm) Size (mm)
40 45 50 40 45 50 40 45 50 40 45 50

1 56.10 64.95 74.01 66.98 75.23 74.01 62.46 77.13 81.76 62.46 65.72 74.64
2 70.07 69.40 83.17 75.27 77.24 79.11 85.65 75.45 79.73 64.13 78.32 73.18
3 47.60 48.30 64.89 41.65 44.36 54.94 57.13 60.79 71.82 62.49 60.79 68.31
4 37.71 43.81 48.32 38.24 41.00 43.40 44.86 51.41 50.82 44.45 53.28 52.13
5 48.45 50.88 60.50 44.88 50.84 53.30 61.86 63.04 71.12 60.58 64.37 83.01
6 52.08 52.30 56.72 45.08 54.14 61.45 63.66 64.21 76.63 57.79 59.15 60.56
7 62.09 64.98 73.90 54.50 58.12 66.50 80.37 89.39 87.58 67.17 70.34 78.74
8 48.75 47.70 56.06 49.64 49.87 50.46 62.09 67.50 69.28 67.60 72.74 78.21
9 49.81 50.82 57.99 45.67 54.34 51.84 66.40 76.26 81.00 67.74 74.09 70.81
10 58.12 58.00 69.45 72.64 56.07 78.48 69.94 77.09 75.24 70.04 71.44 76.77
11 53.00 56.17 61.96 59.85 62.36 63.30 62.82 62.48 71.74 61.99 64.56 73.26
12 60.68 69.26 67.97 59.22 45.58 59.29 86.37 87.30 94.24 91.47 84.26 85.93
13 51.78 46.94 61.25 42.29 50.63 59.32 74.47 85.57 87.32 80.48 85.57 93.47
14 63.83 68.76 72.96 67.56 69.78 74.41 90.42 92.24 88.23 70.63 77.25 77.73

(M ean 54.29 56.59 64.94 54.53 56.40 62.13 69.18 73.56 77.61 66.36 70.14 74.77
SE 2.20 2.46 2.46 3.31 2.99 2.97 3.43 3.30 2.89 2.88 2.52 2.73

Table H.4: M axim um  grip aperture in first and last trials for natural 
3D and 3D grasping w ithout haptic feedback. 2x2x3 ANO VA sum m ary  
table

Source df SS MS F
B etw een Subjects 13 11550.35
W ithin Subjects 154 16925.41
Condition  
Error (Condition)

1
13

7984.914
3273.383

7984.914
251.799

31.711

Trial
Error (Trial)

1
13

163.746
644.175

163.746
49.552

3.305

Size
Error (Size)

2
26

2217.824
563.172

1108.912
21.66

51.195

Condition x Trial 
Error (Condition x  Trial )

1
13

46.723
787.788

46.723
60.599

0.771

Condition x Size 
Error (Condition x  Size)

2
26

54.927
294.271

27.463
11.318

2.426

Trial x  Size 
Error (Trial x  Size)

2
26

17.082
441.822

8.541
16.993

0.503

Condition x Trial x  Size 
Error (Condition x  Trial x  Size)

2
26

22.748
412.834

11.374
15.878

0.716

Total 167 28475.75
*p<0.001
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H. Data and analyses relating to Experiment 7

Table H .5: M ovem ent duration. M eans for each subject (seconds)

S u b je c t
3D  (n o  h a p tic  

feed b ack )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
Size (m m ) S ize  (m m ) Size  (m m ) S ize (m m ) S ize  (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 1.24 1.05 1.28 1.23 1.03 1.15 1.20 1.18 1.10 1.12 1.24 1.21 1.02 1.00 0.98
2 0.92 1.10 0.95 0.90 0.94 0.96 1.02 0.92 0.97 1.00 1.07 1.08 1.00 0.88 1.04
3 0.96 1.06 0.91 0.98 1.06 1.06 1.03 1.15 1.02 0.92 0.95 1.01 0.93 0.84 0.87
4 0.76 0.79 0.75 0.76 0.74 0.76 0.74 0.74 0.69 0.79 0.77 0.76 0.73 0.75 0.76
5 1.05 1.09 1.02 1.02 0.99 1.02 1.00 1.08 1.03 1.08 1.08 1.11 0.88 0.92 0.90
6 0.96 0.89 1.00 1.19 1.21 1.07 0.83 1.21 1.03 1.04 1.09 1.07 1.05 1.07 1.06
7 0.85 0.85 0.88 0.88 0.92 0.92 0.91 0.91 0.92 0.92 0.89 0.91 0.90 0.89 0.88
8 0.61 0.68 0.64 0.68 0.61 0.70 0.67 0.65 0.63 0.65 0.64 0.64 0.66 0.74 0.66
9 1.19 1.20 1.17 1.15 1.14 1.13 1.14 1.11 1.13 1.17 1.11 1.18 1.17 1.16 1.13

10 0.89 0.92 0.95 0.73 0.78 0.79 0.93 0.93 0.90 0.97 0.94 0.98 0.86 0.83 0.83
11 1.12 1.16 1.17 1.20 1.25 1.22 1.08 1.11 1.17 1.19 1.13 1.20 1.20 1.25 1.26
12 0.81 0.86 0.85 0.85 0.86 1.03 0.82 0.83 0.88 0.82 0.90 0.84 0.75 0.78 0.67
13 0.99 0.96 1.14 1.03 1.04 0.88 0.97 1.01 0.96 1.03 1.07 1.05 1.09 1.08 1.05
14 0.98 1.03 0.94 0.84 0.80 0.83 0.93 0.92 0.97 0.79 0.81 0.83 0.93 0.85 0.89

M e a n 0.95 0.97 0.97 0.96 0.95 0.97 0.95 0.98 0.96 0.96 0.98 0.99 0.94 0.93 0.93
SE 0.05 0.04 0.05 0.05 0.05 0.04 0.04 0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.05

Table H.6: M ovem ent duration. 5x3 ANOVA sum m ary table

Source df SS MS F
B etw een Subjects 13 4.466
W ithin Subjects 196 0.910
Condition 4 0.045 0.011 1.171
Error (Condition) 52 0.501 0.010
Size 2 0.005 0.003 1.533
Error (Size) 26 0.045 0.002
Condition x Size 8 0.015 0.002 0.652
Error (Condition x  Size) 104 0.298 0.003
Total 209 5.376
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H. Data and analyses relating to Experiment 7

Table H .7: T im e to  m axim um  grip aperture. M eans for each subject 
(seconds)

S u b je c t
3D  (n o  h a p tic  

fe ed b a ck )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
Size  (m m ) S ize  (m m ) S ize  (m m ) S ize (m m ) S ize  (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 1.16 0.86 1.10 0.97 0.87 0.95 1.08 1.05 0.91 0.84 1.07 1.03 0.80 0.76 0.71
2 0.75 0.90 0.88 0.84 0.78 0.73 0.91 0.82 0.84 0.94 0.99 1.05 0.74 0.60 0.78
3 0.77 0.91 0.76 0.72 0.86 0.79 0.73 0.78 0.80 0.78 0.87 0.83 0.69 0.58 0.61
4 0.62 0.70 0.74 0.71 0.66 0.64 0.48 0.60 0.58 0.69 0.67 0.65 0.54 0.57 0.59
5 0.65 0.79 0.77 0.84 0.71 0.76 0.49 0.78 0.69 0.68 0.86 0.84 0.66 0.69 0.61
6 0.51 0.56 0.56 0.99 0.84 0.84 0.33 0.79 0.64 0.78 0.96 0.91 0.72 0.78 0.78
7 0.76 0.75 0.76 0.75 0.82 0.79 0.87 0.80 0.80 0.86 0.83 0.82 0.73 0.71 0.68
8 0.37 0.46 0.43 0.42 0.39 0.39 0.38 0.43 0.40 0.45 0.43 0.43 0.41 0.40 0.44
9 1.03 1.06 1.07 0.99 0.90 0.96 1.04 1.00 1.08 1.10 1.07 1.12 0.92 0.91 0.88

10 0.66 0.70 0.63 0.52 0.71 0.68 0.68 0.71 0.70 0.85 0.72 0.88 0.52 0.61 0.61
11 1.08 1.03 1.07 1.05 1.11 1.17 0.98 1.04 1.01 1.08 0.99 0.95 1.03 1.00 1.03
12 0.63 0.64 0.62 0.70 0.68 0.79 0.54 0.56 0.47 0.40 0.76 0.59 0.55 0.56 0.44
13 0.97 0.95 1.09 1.00 0.94 0.86 0.96 0.95 0.91 0.91 1.04 1.01 0.76 0.64 0.70
14 0.75 0.79 0.70 0.78 0.66 0.72 0.69 0.73 0.85 0.73 0.73 0.73 0.68 0.59 0.67

M e a n 0.76 0.79 0.80 0.81 0.78 0.79 0.72 0.79 0.76 0.79 0.86 0.84 0.70 0.67 0.68
SE 0.06 0.05 0.06 0.05 0.04 0.05 0.07 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.04

Table H.8: T im e to  m axim um  grip aperture. 5x3 ANO VA sum m ary  
table

Source df SS MS F
B etw een Subjects 13 5.663
W ithin Subjects 196 1.991
Condition 4 0.510 0.127 8.337
Error (Condition) 52 0.795 0.015
Size 2 0.018 0.009 2.366
Error (Size) 26 0.101 0.004
Condition x  Size 8 0.061 0.008 1.554
Error (Condition x  Size) 104 0.506 0.005
Total 209 7.654
*p<0.001
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H. Data and analyses relating to Experiment 7

Table H .9: Norm alised tim e to  
each subject (% tota l m ovem ent

m axim um  grip aperture, 
duration)

M eans for

S u b je c t
3D  (n o  h a p tic  

fe ed b a ck )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
S ize (m m ) S ize  (m m ) S ize (m m ) S ize  (m m ) S ize (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 93.68 81.65 85.94 78.96 85.71 82.51 88.76 89.08 82.97 76.38 85.70 84.28 78.43 75.81 71.96
2 81.34 81.75 92.45 94.06 84.10 77.18 89.55 89.51 85.92 94.42 91.85 97.21 73.38 68.55 74.99
3 80.45 86.07 82.94 71.93 81.08 73.67 70.68 68.27 78.35 84.77 91.28 82.29 74.09 69.05 69.44
4 82.30 88.82 97.84 93.12 89.02 85.17 64.86 80.59 84.06 86.47 87.15 85.10 74.18 75.96 77.04
5 61.45 72.38 74.99 82.34 71.65 74.68 49.54 72.10 65.95 63.80 79.61 75.37 75.69 74.50 66.78
6 54.43 62.92 58.50 84.80 72.40 77.67 40.22 66.20 65.33 74.82 88.30 84.86 68.77 73.43 73.99
7 89.17 88.67 85.99 85.21 88.66 86.24 96.24 88.62 87.28 92.69 93.09 90.19 81.73 79.36 77.63
8 60.12 65.74 66.87 61.81 63.84 55.65 56.68 66.60 63.14 69.00 67.93 67.11 62.14 55.38 67.44
9 86.48 88.52 91.66 86.41 79.23 85.65 91.79 90.24 95.75 95.11 96.59 94.95 79.12 79.18 77.84

10 74.16 75.80 66.44 71.84 91.86 85.04 72.60 76.79 77.79 88.09 76.75 88.90 61.11 74.34 73.40
11 96.51 89.05 91.41 88.07 89.03 95.78 90.52 93.85 86.34 91.22 87.74 79.58 86.04 79.79 82.60
12 78.58 74.63 73.31 82.11 80.63 77.58 67.43 68.26 53.00 48.34 83.68 70.13 73.70 72.27 64.96
13 98.21 99.65 95.56 97.00 90.57 97.73 98.61 93.77 95.18 87.57 97.06 96.91 69.53 59.26 66.41
14 76.78 76.22 74.79 93.18 84.62 86.21 75.56 79.41 88.08 92.53 90.53 88.83 73.67 70.06 75.93

M e a n 79.55 80.85 81.33 83.63 82.31 81.48 75.22 80.23 79.23 81.80 86.95 84.69 73.68 71.92 72.89
SE 3.60 2.71 3.27 2.65 2.20 2.75 4.87 2.82 3.42 3.67 2.13 2.48 1.83 1.92 1.40

Table H.IO: Norm alised tim e to  m axim um  grip aperture. 5x3 ANOVA  
sum m ary table

Source df SS MS F
B etw een Subjects 13 13329.741
W ithin Subjects 196 13620.058
Condition 4 3388.615 847.154 7.605
Error (Condition) 52 5792.551 111.395
Size 2 103.036 51.518 1.711
Error (Size) 26 782.937 30.113
Condition x  Size 8 359.274 44.909 1.462
Error (Condition x  Size) 104 3193.645 30.708
Total 209 26949.799
*p<0.001

281



H. Data and analyses relating to Experinnent 7

Table H .11: M axim um  wrist displacem ent. M eans for each subject 
(mm)

S u b 
je c t

3D  (n o  h a p tic  
fe ed b a ck )

2D E n h a n c e d
2D

P a n to m im e d N a tu r a l
3D

Size (m m ) S ize (m m ) S ize (m m ) S ize  (m m ) S ize  (m m )
40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 318.47 321.87 342.53 314.11 305.20 322.63 316.70 318.70 320.14 309.44 329.13 333.07 288.67 287.97 304.78
2 270.99 276.19 274.91 259.87 273.02 272.32 271.51 275.28 262.67 293.30 294.05 302.56 268.00 259.11 261.04
3 254.25 250.51 251.69 257.13 267.49 261.60 261.93 254.09 259.72 256.30 252.02 260.28 270.78 248.05 256.22
4 251.36 257.94 252.15 250.16 250.03 249.88 246.46 247.97 248.67 261.86 260.91 259.18 251.77 254.23 257.71
5 254.90 255.19 248.86 266.96 255.01 256.53 252.86 248.89 247.02 251.72 252.60 256.19 243.61 248.27 243.94
6 270.81 258.11 256.69 283.85 286.03 279.16 254.93 276.47 273.92 311.92 306.52 316.60 285.27 286.00 292.23
7 226.15 225.62 224.63 236.22 230.68 232.30 230.94 226.18 224.72 226.71 223.82 227.84 238.95 236.67 238.33
8 209.49 220.83 220.51 216.59 216.83 232.34 228.09 227.22 229.06 220.02 218.01 220.44 256.65 250.73 252.34
9 212.53 205.74 208.03 222.19 217.79 217.01 212.55 214.33 206.84 221.14 221.51 223.39 236.89 231.06 232.00

10 253.78 244.01 256.32 242.97 252.93 238.99 251.54 250.34 243.28 257.00 259.02 259.29 249.70 243.13 242.75
11 240.49 236.26 242.21 259.04 260.06 259.35 249.41 239.70 242.25 266.99 268.25 269.33 254.32 250.95 257.55
12 227.90 214.39 224.17 236.60 239.94 241.11 229.14 239.79 223.90 215.54 247.89 244.40 231.04 223.58 230.30
13 251.48 244.12 248.05 232.78 228.67 211.58 250.99 243.83 238.01 237.23 256.34 241.04 242.84 238.46 226.57
14 264.83 263.40 267.50 248.33 248.35 257.53 275.97 277.01 278.84 253.89 250.68 251.96 257.28 259.10 249.19

M e a n 250.53 248.16 251.31 251.92 252.29 252.31 252.36 252.84 249.93 255.93 260.05 261.83 255.41 251.24 253.21
SE 7.42 7.80 8.63 6.77 6.76 7.51 6.79 7.15 7.58 8.42 8.48 9.08 4.66 4.87 5.93

Table H.12: M axim um  w rist displacem ent. 5x3 ANO VA sum m ary ta
ble

Source df SS MS F
B etw een Subjects 13 124535.190
W ithin Subjects 196 23519.018
Condition 4 2115.289 528.822 1.668
Error (Condition) 52 16488.753 317.091
Size 2 22.830 11.415 0.219
Error (Size) 26 1353.293 52.050
Condition x Size 8 500.422 62.553 2.141
Error (Condition x  Size) 104 3038.431 29.216
Total 209 148054.208
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H. Data and analyses relating to Experiment 7

Table H. 13: M axim um  wrist height. M eans for each subject

S u b 
je c t

3D  (n o  h a p tic  
feed b ack )

2D E n h a n c e d
2 D

P a n to m im e d N a tu r a l
3D

S ize (m m ) Size  (m m ) S ize  (m m ) S ize  (m m ) S ize  (m m )
40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 291.63 303.76 294.54 303.23 313.88 307.36 290.04 293.25 290.20 301.03 300.06 301.19 306.22 305.84 304.94
2 283.41 288.24 277.75 273.87 276.51 274.56 288.90 278.83 274.24 282.89 281.15 282.38 272.79 270.67 276.05
3 278.58 275.04 274.29 277.18 272.65 267.74 279.93 283.95 279.95 276.73 276.76 274.29 278.63 277.87 275.23
4 265.05 266.15 268.89 258.68 257.76 257.04 276.45 272.92 267.76 262.52 264.93 263.27 255.95 255.07 254.06
5 282.24 281.34 282.14 282.98 274.24 278.79 278.74 277.76 274.54 275.57 277.13 275.07 269.94 269.34 269.89
6 271.93 265.83 269.54 280.67 282.99 276.72 288.61 278.21 282.94 275.35 278.16 279.19 284.14 284.83 279.08
7 278.32 274.39 271.78 279.34 276.43 277.21 278.58 274.90 276.18 273.52 275.22 272.88 278.23 273.41 274.89
8 264.40 265.18 268.65 264.29 259.50 261.59 270.18 261.36 266.32 263.01 263.36 268.22 268.46 269.56 271.27
9 258.02 259.56 259.95 257.18 255.97 260.48 268.71 263.92 265.63 263.28 263.36 263.44 268.77 268.31 265.83

10 269.19 269.97 274.51 268.21 267.40 267.99 268.43 263.23 262.75 266.05 265.13 267.93 260.77 267.66 266.94
11 292.07 284.72 288.94 284.37 282.17 286.59 288.16 287.70 290.35 284.79 284.14 289.32 293.34 292.40 295.51
12 279.35 287.68 285.85 313.80 319.64 310.51 307.94 302.86 320.36 311.61 312.52 308.31 292.63 288.24 283.42
13 264.15 264.94 255.50 259.60 259.61 251.86 269.73 262.03 261.14 242.59 244.73 244.80 253.61 248.25 246.29
14 276.52 276.39 275.22 264.57 266.54 273.34 276.83 281.32 279.05 281.66 276.74 282.95 275.00 276.83 273.09

M e a n 275.35 275.94 274.82 276.28 276.09 275.13 280.80 277.30 277.96 275.76 275.96 276.66 275.61 274.88 274.03
S E 2.77 3.24 2.85 4.43 5.18 4.58 2.95 3.29 4.10 4.56 4.42 4.31 3.96 3.94 3.96

Table H.14: M axim um  wrist height. 5x3 ANO VA sum m ary table

Source df SS MS F
Betw een Subjects 13 35693.512
W ithin Subjects 196 7751.656
Condition 4 372.217 93.054 0.819
Error (Condition) 52 5905.797 113.573
Size 2 39.716 19.858 1.492
Error (Size) 26 346.135 13.313
Condition x Size 8 100.306 12.538 1.321
Error (Condition x  Size) 104 987.485 9.495
Total 209 43445.168
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H. Data and analyses relating to Experiment 7

Table H. 15: T im e to  m axim um  wrist height. M eans for each subject 
(seconds)

S u b je c t
3D  (n o  h a p tic  

feed b ack )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
Size (m m ) S ize  (m m ) S ize  (m m ) Size (m m ) S ize  (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 1.05 0.73 0.54 0.89 0.75 0.99 0.46 0.94 0.88 0.38 0.47 0.49 0.48 0.56 0.67
2 0.34 0.45 0.35 0.37 0.37 0.36 0.43 0.35 0.39 0.37 0.41 0.43 0.31 0.27 0.42
3 0.34 0.47 0.39 0.36 0.31 0.30 0.36 0.42 0.38 0.33 0.34 0.32 0.28 0.28 0.30
4 0.31 0.37 0.32 0.39 0.39 0.37 0.32 0.27 0.29 0.34 0.45 0.52 0.35 0.35 0.36
5 0.40 0.46 0.42 0.38 0.38 0.38 0.39 0.40 0.38 0.42 0.43 0.42 0.32 0.35 0.35
6 0.33 0.35 0.38 0.37 0.38 0.36 0.32 0.98 0.31 0.37 0.41 0.33 0.36 0.40 0.39
7 0.35 0.38 0.40 0.39 0.37 0.35 0.40 0.40 0.41 0.38 0.34 0.33 0.40 0.38 0.36
8 0.23 0.33 0.29 0.29 0.28 0.46 0.29 0.28 0.28 0.28 0.28 0.29 0.28 0.28 0.29
9 0.47 0.46 0.49 0.52 0.50 0.48 0.42 0.41 0.47 0.50 0.45 0.59 0.40 0.45 0.42
10 0.27 0.30 0.28 0.23 0.23 0.28 0.27 0.27 0.26 0.29 0.26 0.28 0.26 0.26 0.28
11 0.40 0.40 0.38 0.44 0.47 0.47 0.37 0.36 0.37 0.51 0.47 0.49 0.54 0.54 0.60
12 0.32 0.35 0.32 0.34 0.31 0.35 0.33 0.35 0.34 0.31 0.36 0.31 0.27 0.28 0.23
13 0.31 0.39 0.39 0.33 0.35 0.27 0.35 0.38 0.34 0.34 0.34 0.33 0.35 0.30 0.27
14 0.34 0.39 0.34 0.28 0.36 0.27 0.31 0.31 0.35 0.27 0.35 0.38 0.33 0.28 0.29

M e a n 0.39 0.42 0.38 0.40 0.39 0.41 0.36 0.44 0.39 0.36 0.38 0.39 0.35 0.36 0.37
SE 0.05 0.03 0.02 0.04 0.03 0.05 0.01 0.06 0.04 0.02 0.02 0.03 0.02 0.03 0.03

Table H.16: T im e to  m axim um  wrist height. 5x3 ANOVA sum m ary  
table

Source df SS MS F
B etw een Subjects 13 2.055
W ithin Subjects 196 1.415
Condition 4 0.040 0.010 0.853
Error (Condition) 52 0.609 0.012
Size 2 0.020 0.010 2.814
Error (Size) 26 0.091 0.004
Condition x  Size 8 0.047 0.006 1.002
Error (Condition x  Size) 104 0.608 0.006
Total 209 3.470
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Table H .17: N orm alised tim e to  m axim um  w rist height. M eans for 
each subject (% tota l m ovem ent duration)

S u b je c t
3D  (n o  h a p tic  

fe ed b a ck )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
S ize (m m ) S ize  (m m ) S ize  (m m ) S ize  (m m ) S ize  (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 85.84 67.55 42.19 71.27 71.27 86.24 38.12 78.11 79.98 34.20 37.46 39.96 47.06 55.89 67.28
2 36.65 40.79 37.09 41.61 37.61 38.31 41.74 37.32 40.31 36.81 37.61 39.57 30.84 31.53 40.28
3 35.49 44.11 42.71 36.25 33.40 27.84 34.81 36.46 36.82 35.73 35.87 31.52 30.17 33.33 34.11
4 40.77 46.40 42.09 51.05 51.05 48.26 43.24 36.02 41.28 43.25 58.17 67.99 47.80 46.07 47.24
5 37.91 42.46 41.26 36.89 36.89 37.53 39.20 36.90 36.98 38.93 39.40 37.88 36.49 37.63 38.40
6 34.83 39.41 39.12 31.21 31.21 34.05 38.89 80.32 30.82 35.64 37.19 31.15 34.23 36.89 37.05
7 41.03 45.36 44.84 44.30 44.30 37.81 44.16 44.09 45.22 41.03 38.09 36.52 43.93 42.70 41.53
8 37.23 47.43 44.88 42.36 42.36 67.24 43.12 43.39 44.68 42.59 43.43 45.41 42.93 38.59 44.22
9 38.91 38.26 41.53 44.99 44.99 42.17 36.75 36.66 41.53 42.24 40.65 49.02 34.10 38.50 37.30

10 30.38 32.17 29.37 31.22 31.22 34.89 29.00 28.77 29.25 30.29 28.29 28.85 30.05 31.28 33.55
11 36.07 34.39 32.38 36.34 37.36 38.18 34.07 32.63 31.68 42.85 41.31 40.54 44.85 43.17 47.49
12 38.82 40.43 38.02 40.18 36.52 33.99 39.56 41.92 37.86 37.39 39.68 37.25 36.30 35.92 33.97
13 31.72 40.56 33.89 31.76 33.36 30.62 35.88 37.21 35.39 31.91 31.41 30.93 31.90 27.78 25.57
14 34.48 37.37 36.34 33.30 33.30 32.64 33.10 33.72 35.64 34.41 43.95 44.77 35.50 32.74 32.98

M e a n 40.01 42.62 38.98 40.91 40.35 42.13 37.97 43.11 40.53 37.66 39.46 40.09 37.58 38.00 40.07
SE 3.62 2.24 1.26 2.82 2.84 4.25 1.16 4.23 3.30 1.14 1.83 2.67 1.72 1.93 2.63

Table H.18: N orm alised tim e to  meiximum w rist height. 5x3 ANOVA  
sum m ary table

Source df SS MS F
Betw een Subjects 13 10373.209
W ithin Subjects 196 10129.310
Condition 4 201.621 50.405 0.570
Error (Condition) 52 4598.048 88.424
Size 2 140.121 70.061 2.501
Error (Size) 26 728.350 28.013
Condition x  Size 8 260.547 32.568 0.806
Error (Condition x  Size) 104 4200.623 40.391
Total 209 20502.519
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Table H. 19: M axim um  wrist velocity. M eans for each subject (m m /s)

S u b 
je c t

3D  (n o  h a p tic  
fe ed b a ck )

2D E n h a n c e d
2D

P a n to m im e d N a tu r a l
3D

Size (m m ) S ize  (m m ) S ize  (m m ) S ize  (m m ) S ize (m m )
40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 481.20 566.20 549.32 509.70 559.47 549.90 526.91 533.37 554.19 566.59 523.24 582.61 547.78 510.49 549.03
2 556.07 531.92 537.34 557.82 559.15 579.49 525.99 581.37 568.71 549.63 548.28 557.05 498.76 589.60 543.52
3 496.24 441.30 474.89 491.07 470.39 490.56 483.38 437.38 466.47 497.79 486.91 514.24 583.78 530.76 581.89
4 609.23 605.86 614.71 581.01 618.87 596.73 684.46 664.47 692.83 599.76 608.50 603.14 591.27 635.74 611.15
5 428.99 388.36 401.89 440.43 424.07 428.32 416.21 374.72 389.82 366.08 358.43 382.98 445.79 436.65 463.43
6 572.45 522.44 523.98 495.20 561.60 561.72 530.92 579.58 599.66 627.13 587.86 653.95 570.32 530.05 558.54
7 436.76 424.20 400.42 459.21 406.97 442.82 411.80 399.43 398.17 390.90 407.14 411.80 432.68 421.27 436.75
8 629.27 652.27 621.16 606.33 610.14 636.71 626.38 599.38 631.80 591.67 599.00 621.17 721.57 733.57 719.28
9 304.49 297.77 286.55 310.09 303.89 318.19 327.19 320.30 306.28 331.55 351.18 327.08 357.18 347.03 341.42

10 612.38 611.93 642.36 662.59 644.55 602.59 562.33 577.56 571.34 590.10 609.51 597.66 590.29 589.72 585.34
11 418.59 374.18 401.50 358.72 360.60 357.37 444.82 396.24 408.88 379.91 421.46 398.58 368.37 367.56 338.62
12 497.73 464.48 482.60 490.03 532.36 487.06 494.42 500.02 490.99 532.06 526.22 565.20 578.72 592.99 606.62
13 405.52 436.69 433.59 375.69 384.17 361.85 434.34 387.20 420.62 377.77 434.82 377.52 404.36 409.15 358.13
14 537.19 544.48 561.74 564.99 579.72 612.44 571.54 570.81 571.33 580.25 560.76 580.53 585.58 601.55 552.60

M e a n 499.01 490.15 495.15 493.06 501.14 501.84 502.91 494.42 505.08 498.66 501.67 512.39 519.75 521.15 517.59
SE 25.05 27.45 27.35 26.54 28.90 28.22 24.98 28.43 29.45 28.18 24.57 29.10 27.96 29.94 30.44

Table H.20: M axim um  wrist velocity. 5x3 ANO VA sum m ary table

Source df SS MS F
B etw een Subjects 13 1926043.900
W ithin Subjects 196 206391.987
Condition 4 15254.277 3813.569 1.506
Error (Condition) 52 131678.200 2532.273
Size 2 863.993 431.997 0.813
Error (Size) 26 13814.567 531.330
Condition x Size 8 2793.436 349.180 0.865
Error (Condition x  Size) 104 41987.514 403.726
Total 209 2132435.887
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Table H .21: T im e to  m axim um  wrist velocity. M eans for each subject 
(seconds)

S u b je c t
3D  (n o  h a p tic  

fe ed b a ck )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
S ize  (m m ) S ize  (m m ) S ize  (m m ) S ize  (m m ) S ize  (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 0.46 0.35 0.54 0.41 0.34 0.42 0.46 0.44 0.37 0.39 0.46 0.45 0.44 0.44 0.46
2 0.31 0.49 0.34 0.32 0.35 0.30 0.39 0.33 0.35 0.31 0.38 0.41 0.33 0.29 0.38
3 0.33 0.46 0.32 0.31 0.31 0.34 0.37 0.32 0.36 0.32 0.32 0.37 0.34 0.32 0.32
4 0.29 0.29 0.28 0.28 0.27 0.32 0.28 0.28 0.25 0.32 0.30 0.29 0.30 0.32 0.33
5 0.32 0.39 0.36 0.26 0.33 0.28 0.35 0.37 0.35 0.35 0.41 0.34 0.35 0.35 0.35
6 0.31 0.37 0.34 0.37 0.41 0.40 0.37 0.28 0.35 0.42 0.46 0.38 0.36 0.40 0.38
7 0.32 0.32 0.33 0.32 0.32 0.35 0.34 0.32 0.35 0.35 0.34 0.33 0.32 0.33 0.32
8 0.27 0.35 0.29 0.28 0.25 0.23 0.26 0.27 0.26 0.27 0.26 0.26 0.24 0.25 0.25
9 0.40 0.41 0.45 0.41 0.39 0.40 0.36 0.36 0.40 0.40 0.36 0.44 0.35 0.38 0.35

10 0.33 0.33 0.33 0.27 0.26 0.28 0.33 0.31 0.31 0.35 0.34 0.35 0.32 0.33 0.33
11 0.45 0.40 0.42 0.43 0.41 0.44 0.38 0.37 0.40 0.41 0.43 0.46 0.45 0.49 0.47
12 0.34 0.36 0.33 0.35 0.37 0.43 0.34 0.36 0.36 0.41 0.39 0.36 0.33 0.38 0.32
13 0.28 0.43 0.42 0.39 0.36 0.30 0.39 0.44 0.38 0.39 0.39 0.42 0.39 0.34 0.32
14 0.35 0.36 0.33 0.31 0.31 0.30 0.31 0.31 0.34 0.30 0.28 0.32 0.31 0.28 0.29

M e a n 0.34 0.38 0.36 0.34 0.33 0.34 0.35 0.34 0.34 0.36 0.37 0.37 0.34 0.35 0.35
SE 0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.02

Table H.22: T im e to  m axim um  wrist velocity. 5x3 ANO VA sum m ary  
table

Source df SS MS F
Betw een Subjects 13 0.429
W ithin Subjects 196 0.252
Condition 4 0.021 0.005 3.275
Error (Condition) 52 0.083 0.002
Size 2 0.003 0.001 1.986
Error (Size) 26 0.019 0.001
Condition x  Size 8 0.011 0.001 1.243
Error (Condition x  Size) 104 0.115 0.001
Total 209 0.681
*p<0.05
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Table H .23: N orm alised tim e to  m axim um  wrist velocity. M eans for 
each subject (% tota l m ovem ent duration)

S u b je c t
3D  (n o  h a p tic  

fe ed b a ck )
2D E n h a n c e d

2D
P a n to m im e d N a tu r a l

3D
Size (m m ) Size  (m m ) Size  (m m ) S ize (m m ) Size (m m )

40 45 50 40 45 50 40 45 50 40 45 50 40 45 50

1 36.59 33.36 42.19 33.26 33.26 36.90 38.51 37.25 33.76 34.90 37.20 36.98 43.14 44.24 46.38
2 33.70 44.27 35.71 35.79 37.64 31.42 37.59 35.84 36.33 31.34 35.25 37.20 32.39 33.06 36.38
3 34.53 42.89 35.38 31.85 29.16 31.53 35.81 28.08 35.37 35.28 33.33 36.42 36.67 38.10 36.66
4 38.07 37.32 37.73 36.57 36.10 41.76 37.84 37.41 36.64 39.79 39.38 38.37 40.52 41.82 43.57
5 30.45 35.68 35.28 25.73 32.77 27.61 34.65 34.27 33.53 32.64 37.28 31.05 39.97 37.95 38.89
6 32.45 41.58 34.99 31.49 34.51 37.88 44.46 22.53 34.99 39.84 41.73 35.29 33.82 37.05 35.98
7 37.93 37.65 37.51 36.31 34.80 37.73 37.04 35.30 38.01 37.71 38.41 36.47 35.79 36.40 36.71
8 44.19 49.86 44.88 41.06 40.38 32.88 38.66 41.85 40.97 41.09 40.89 40.66 36.79 34.02 37.61
9 33.03 34.42 37.74 35.66 33.72 35.71 31.76 32.51 35.06 33.86 32.28 37.10 30.14 32.50 31.32

10 36.63 36.00 35.04 36.68 33.42 34.86 35.08 33.12 34.28 36.20 36.95 36.08 37.21 40.39 39.72
11 40.57 34.52 35.62 35.90 32.44 36.25 34.99 33.66 34.39 34.92 38.00 38.26 37.76 39.15 37.54
12 41.77 42.57 38.76 40.88 43.24 42.26 41.44 43.43 41.18 50.35 43.69 43.04 44.80 48.75 47.10
13 28.75 45.11 36.48 38.06 34.40 34.06 40.21 43.78 39.94 37.15 36.13 39.79 35.50 31.48 30.20
14 35.40 34.71 35.18 36.82 39.05 36.46 33.14 33.47 34.66 37.65 34.72 39.07 33.93 33.18 32.94

M e a n 36.01 39.28 37.32 35.43 35.35 35.52 37.23 35.18 36.36 37.34 37.52 37.56 37.03 37.72 37.93
SE 1.15 1.35 0.79 1.05 0.98 1.06 0.90 1.53 0.70 1.25 0.85 0.75 1.08 1.32 1.35

Table H.24: N orm alised tim e to  m axim um  w rist velocity. 5x3 ANOVA  
sum m ary table

Source df SS MS F
Betw een Subjects 13 1363.634
W ithin Subjects 196 2205.461
Condition 4 156.046 39.012 2.178
Error (Condition) 52 931.391 17.911
Size 2 6.484 3.242 0.676
Error (Size) 26 124.713 4.797
Condition x  Size 8 106.055 13.257 1.565
Error (Condition x  Size) 104 880.772 8.469
Total 209 3569.095
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