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Mechanisms of selection
for the control of hand

action

Umberto Castiello

Most attention research has viewed selection as essentially a perceptual problem, with

attentional mechanisms required to protect the senses from overload. Although this

might indeed be one of several functions that attention serves, the need for selection

also arises when one considers the requirement of actions rather than perception. This

review examines recent attempts to determine the role played by selective mechanisms

in the control of action. Recent studies looking at reach-to-grasp responses to target

objects in the presence of distracting objects within a three-dimensional space are

discussed. The manner in which motor aspects of the reach-to-grasp response might be

influenced by distractors is also highlighted, rather than merely addressing the

perceptual consequences of distractors. The studies reviewed here emphasize

several factors highlighting the importance of studying selective processes within

three-dimensional environments from which attention and action have evolved.

\/isual attention is one mechanism that enables us to select
relevant objects and spatial locations over less important ones.
Visual attention has been the target of extensive research,
but despite this large amount of interest our understanding
of some aspects of selective behaviour remains unclear. For in-
stance, little is known about the limits governing the brain’s
ability to process information presented in parallel for the
control of action towards three-dimensional (3D) stimuli.
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Traditionally, selective attention research in cognitive
psychology has been based on very brief presentations of
two-dimensional (2D) stimuli (alphanumeric characters)
on computer screens or tachistoscopes. This form of testing
typically restricts attentional measurement to arbitrary and
indirect responses such as key-presses or verbal naming'*.
However, the emergence of more powerful methods for the
investigation of these mechanisms within 3D environments
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has allowed a shift in focus from theoretical discussion to a
more integrative approach that considers selection of stim-
uli for the control of overt action.

Although there is little doubt that perceptions can flow
automatically into actions, one possible problem, as high-
lighted by Neumann, is ‘how to avoid the behavioural chaos
that would result from an attempt to simultaneously per-
form all possible actions for which sufficient causes exist’
(Ref. 3, p. 374). In other words, if unrestrained, the percep-
tion-for-action system would result in chaotic behaviours
that are unrelated to behavioural goals. Selective attentional
mechanisms would thus serve to specify parameterization
for the action towards a particular object and to reject ac-
tion parameterization for irrelevant objects.

This aspect of the selective integration problem has
been defined as ‘selection-for-action™. For example, when
choosing a piece of fruit from a bowl, many fruits are visible
and within the reaching space but only the one that we
desire governs the particular pattern and direction of
movement. How is the motor output for reaching and
grasping that particular fruit selected? Where is the locus of
this selection? Do the other fruits, different in size, shape,
colour and weight produce interference? Of course the sug-
gestion that selection-for-action is related to an object-level
representation is not new, with this notion being incorpo-
rated within the concept of an object file>. However, the
object-file analogy does not specify how motor information
is assigned to one, among several, concurrently active object
files.

I will focus my discussion on recent studies examining
more natural reach-to-grasp tasks® that involve responding
to a target, within a 3D space, in the presence of distracting
objects”".

The role that selective attention plays during the con-
trol of an action, such as reaching-to-grasp, suggests that at-
tention needs to access object representations that provide
information for the coding of volumetric boundaries, which
is necessary for positioning the fingers appropriately on the
object. Thus, the frame of reference upon which attention
functions might be related to volumetric object represen-
tations as well as to the behavioural goal of the task.

Several studies have now shown that selecting a target
for grasping in the presence of a distractor object leads to in-
terference effects on movement kinematics. In the following
sections, I will review these effects with an emphasis on
models that have been proposed to select for action objects
that are behaviourally relevant rather than behaviourally
non-relevant objects. In particular, I will propose a model of
response selection for the reach-to-grasp movements which
suggests that selective spatial attention mediates selection
for action. This will be compared with an alternative model
based on inhibitory mechanisms®.

The interaction between spatial attention and response
selection

Paradigms in which the reach-to-grasp action is performed
at a normal or ‘natural’ speed have been used extensively by
us'"'2. A warning signal was given, and, after a variable in-
terval, a movement was initiated on illumination of a target.
When the location and identity of the object were known in
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Fig. 1. The dual-task procedure in a grip-aperture task. (A) The dual-task experimental
condition, depicted schematically, shows target (T) fruits presented with distractor (D) fruits.
The primary task was to reach and grasp the central target fruit while maintaining gaze fix-
ation of this same fruit. The secondary task was to count the number of times that a laterally
placed distractor fruit was highlighted, and then report this count at the end of the trial. A
warning tone was given and then the subject was required to start movement when the cen-
tral target fruit was highlighted. In a single target control condition, which allows baseline
assessment, the secondary task did not have to be performed. (B) The amplitude of peak grip
aperture to the target was influenced by the type of distractor. If the central target fruit was
a cherry (bottom), the amplitude of peak grip aperture was greater when the distractor fruit
was an apple (dotted line) than when the cherry was grasped in isolation (solid line).
Conversely, the amplitude of peak grip aperture for the grasp of an apple (top) was reduced
when the lateral fruit was a mandarin (centre) or a cherry (bottom) compared with when the
apple was grasped in isolation. Furthermore, when the subject had to perform the secondary
‘counting’ task when the primary and the secondary task were executed upon the same
object, interference effects were not revealed (not shown). (Data redrawn from Ref. 11.)

advance, irrespective of whether the distractors were pre-
sented lateral to the target, midsagittally or close to the
hand, no alterations in kinematic parameters were evi-
dent®!'2, In addition, no interference effects were found
when the distractor was stationary, as opposed to moving,
and did not require a direct computation'?.

A double-task procedure, as shown in Fig. 1, has also
been developed!'. Participants reach to grasp a target while
counting the number of times a spotlight illuminated a
distractor object. Under these circumstances the character-
istics of the distractor did interfere with the kinematics
of the reach-to-grasp movement (Fig. 1). Interference,
however, only occurred when attention was directed to a
lateral non-target distractor, although eye movements were
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Box 1. Effects of attentional impairments on the planning and control of

hand movements

Important insights into how the attentional selection of action might operate
can usefully be drawn from the study of brain-injured patients. For example,
several papers have investigated how hand-path curvature is or is not increased
in neglect patients (Refs a—d), and how the presence of a distractor object af-
fects the reaching-to-grasp action towards a target in patients with frontal lobe
damage (Ref. ¢). Results from some of these studies are summarized below.

Chieffi ez al. investigated the effect of attentional impairments on the plan-
ning and control of hand movements in a patient with unilateral neglect
(Ref. a). The patient reached and grasped targets in the presence of distractors
placed either to the right or left side. Both target and distractor were presented
to the same side of the right hand. The patient did not show misreaching, al-
though her hand trajectory deviated abnormally towards the distractor pos-
ition when the distractor was ipsilateral to the target.

More recently Jackson ez al. were able to show that the reaches of three ne-
glect patients had a more curved trajectory to visually defined targets com-
pared with when the same targets were defined proprioceptively. These
authors therefore argue that abnormal hand paths in neglect result from an
impairment in the visual representation of space used to guide reaches.
Further, they propose that the curved hand paths reveal exactly how the
topography of that representation is distorted in spatial neglect.

Riddoch and colleagues studied reaching-for-grasp responses to a cup in a
patient with frontal lobe damage (Ref. ¢). In one task the patient was in-
structed to respond with the hand congruent with the location of the cup, ir-
respective of the position of the handle. It was found that the patient had dif-
ficulty in suppressing a response to the ‘affordance’ of the object (i.e. with the
‘wrong’ hand), determined by the position of the handle. In a second task,
distractor effects were examined. The task now was to respond to the affor-
dance of a central target cup, and a distractor cup (differing in colour) was
placed in the reach trajectory. The position of the handle of the distractor cup
could be congruent or incongruent with the handle of the target.

Interestingly, the patient made errors by sometimes actually reaching to the

distractor rather than the target, but the hand used was always based on the
‘affordance’ of the target not the distractor. This was the case even though the
patient sometimes used a hand incongruent with the affordance of the dis-
tractor (e.g. reaching with his right hand to pick up a distractor with a left-
side handle, when the target’s handle was on the right). Riddoch et a/. argued
that the patient attended to the target and that the grasp response was pro-
grammed to that object. However, a distractor in the reach trajectory could
also be attended as the action was initiated; thus there was a transference of
the grasp activated by the target to the distractor.

These studies support the notion that visual attention serves to control ac-
tion, such that actions are programmed for attended objects, whether these ob-
jects are targets or distractors. Given the attentional bias for the side ipsilateral
to the lesion in neglect patients, the evidence of interference effects found for
distractors positioned on the ipsilesional side in neglect patients suggests that,
when distractors receive more attention, interference effects during the reach-
ing become more evident. Similarly, under conditions of disinhibition, as can
occur with frontal-lobe dysfunction, if a distractor is attended it is very difficult
to resist the strong motor response elicited by the distractor object.
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precluded. Apparently, the programming of hand move-
ments can be influenced by attended information in the
visual field, which is independent of eye movements.
Distractor interference during prehension movements can
be augmented when the distractor attracts more attention.
Support for this latter conclusion can be drawn from the
study of brain-injured patients. For example, in considering
patients with neglect, who have an attentional bias towards
the ipsilesional side, the evidence of interference effects
found for distractors positioned on that side suggests that,
when distractors receive more attention, interference effects
during reaching become more evident (see Box 1).

Using another dual-task paradigm (Fig. 2), the role of
overt and covert attention in the manifestation of distractor
interference effects was further investigated. In this series of
experiments, the target was positioned midsagittally and the
distractor was monitored either overtly or covertly. The most
consistent finding was that interference effects were evident
only when eye movements were fixed on the target and when
the distractor was moving. Moreover, interference effects in
the grasp, but not in the reaching parameters, were observed
only when the distractor was smaller than the target and
could potentially become the target by a change in illumi-
nation (Fig. 2). This implies that the intrinsic features of a dis-
tractor (such as its size), and not simply the extrinsic feature

Trends in Cognitive Sciences - Vol. 3, No. 7,

of location, might elicit competing responses and thus have a
selective influence on kinematic parameterization.

These findings all suggest that interference effects are
dependent upon a shift in covert attention. Furthermore,
with the exception of dual task demands on different ob-
jects, the distractor does not influence the computation of
the motor program that is related to the target. Put simply,
execution of a reach-to-grasp movement is altered when two
selection processes refer to different objects. Information
gained from the distractor appears to influence the atten-
tion-for-motor action pathways. In this view, visual atten-
tion serves to control the selection of information for action
so that actions are only programmed for attended objects!*.
Distractor effects occur on occasions when these items are
attended (see Box 1 for neurophysiological evidence con-
sistent with this).

These data on interference effects on grasp responses
suggest that attentional coding for boundaries is necessary
either for positioning the fingers appropriately on an object,
or to access object representations that include volumetric
coding. In either case, a 3D object-based representation for
action control might be required. Here, the question of
what constitutes an object might be taken from the point of
view of the attentional system. Certainly it appears that
‘objecthood’ is not only a matter of perceptual visual
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complexity, but also a matter of volu-
metric coding for the fulfillment of action

requirements. Therefore, different objects

in the visual field might compete in terms

of their structure or dimension as well as

in terms of other features such as position,

orientation and colour. For example, a y v KiEoml
projected 2D shape might compete in ! 10 7cm
L L cm
terms of its size and position in space but 50cm L B, =
- spotlight 2cm

not on the basis of its graspable attributes.

In this respect, a 3D distractor would cer- 30cm

tainly be more effective. If this is the case,
interference in movement kinematics in,

for example, a reach-to-grasp movement,
would selectively affect different segments

of the action depending on whether the _
distractor is 2D or 3D. .

The distinction between 2D and 3D
objects could be an important issue; this

differentiation might reflect voluntary
‘top-down’ determinants of what consti-
tutes an object, including those attributes

c (i)

relevant for action control.

z
_ 400 £ 150-
Differential attentional coding for 3D % o
and 2D distractors £ 3751 2 1251
The issue of dimensionality relating to g 350- % 100-
graspable attributes of the stimuli has g a
been investigated® (Fig. 3). Evidence that F>-’ 3251 5 757
dimensionality might be relevant for the < 300 § 50-
coding of relevant and irrelevant infor- e =
. . R 275 T T 2 25 T T
mation derives from neurophysiological S
MD ND SD < MD ND SD

studies. Recently, a group of neurons in
Fig. 2. The task procedures in a reach-to-grasp experiment. (A) During the reach-to-grasp movement to the
target, a distractor similar to the target (positioned laterally and behind the target) moved towards the midline
along a track, and then veered towards the target. Participants were instructed to reach for and grasp the dis-
tractor, instead of the target, if it crossed a mark behind the target. (B) The target was flanked by a distractor
that differed in size, shape and colour. The distractor was placed on top of a wooden block. A spotlight was lo-
cated laterally to the wooden block and emitted a beam of light. This beam could move at different intervals of
time from the bottom upwards toward the edge. Each experiment included two eye movement conditions; eyes

the posterior parietal cortex of the mon-
key has been identified that codes for the
3D structure of objects'®. In particular,
the neuronal response varied for different
object thicknesses. These surface orien-

tation selective neurons (SOS) were local-
ized in the lateral bank of the caudal part
of the inferior parietal sulcus, in the dor-

were either fixed on the target throughout the trial, or eye movements were unconstrained. (C) Results of ex-
periments in (A) and (B) show that when the distractor was similar (e.g. in size, volume) to the target, only the
reach component was affected by the experimental manipulations. When the distractor was different from the

target, only the grasp component was affected by the experimental manipulations. (i) Shows an example of the
changes in the reaching component (time to peak velocity) of the three distractor conditions for (A) and (B) (MD,
moving distractor; ND, no distractor; SD, stationery distractor). (ii) Shows an example of changes in the grasp
component (maximum grip aperture) of the three distractor conditions for (A) and (B). Note that in (A) only the
reaching component varies, whereas in (B) only the grasp component varies. (Data redrawn from Ref. 12.)

sal (spatial) stream of the cortical visual
pathway. Thus, in contrast to the idea
that object vision is a ‘ventral’ activity',
these findings suggest that the dorsal

stream might also be involved in the cod-
ing of the 3D structure of objects. This
hypothesis is consistent with the idea that the dorsal path-  a 2D projected shape the reaching component is primarily af-
way is important for the integration of the perception and  fected. This 2D shape does not seem to be considered as a
action systems'®. The activity of the SOS neurons might be  graspable object by the perceptual-motor system, or as having
useful for the visual guidance of hand movements, particu-  functional graspable units; consequently, competition appears
larly for adjustments of the hand to the surface of an object  to be resolved only at the reaching component level.
to be grasped or manipulated. A ‘task-relevant’ hypothesis can thus be proposed and
Shifting covert attention to different faces of a 3D distrac-  distractors can be expected to interfere only when they share
tor might produce different effects on the kinematics of action  specific task-relevant properties. When grasping is the task,
to a target, with interference being selectively channelled.  sharing different or similar graspable properties is critical;
When the distractor is 3D, both the reach and the grasp com- 2D shapes projected on the table-top do not share these
ponents are affected; the 3D distractor appears to compete in  properties. However, when both the 3D target and the 2D

terms of the grasping action required, as a result of the pres-  distractor are relevant to the task, interference emerges. Thus,

ence of intrinsic volumetric properties. When the distractoris  the extent of interference on action is a function of whether

Trends in Cognitive Sciences - Vol. 3, No. 7, July 1999
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Fig. 3. The task procedure in a cued reaching task. A modified version of the Posner paradigm?, in which the stimulus could appear
in a cued or uncued position on 3D object (A) or on 2D shapes (B), was employed. If the stimulus appeared in the same position as the
cue, trials were defined as ‘valid’. If the stimulus appeared in an uncued position, trials were defined as ‘invalid’. Valid and invalid trials
for the 2D shape appeared in the same or different corners of the shape, respectively. Valid and invalid trials for the 3D distractor objects
could be one of two types, ‘front face’ or ‘back face’. In “front face’ valid trials, the cue and the stimulus appeared on the same angles of
the front face. In ‘back face’ valid trials, the cue and the stimulus appeared on the same angles of the back face. In ‘front face’ invalid tri-
als, the cue and the stimulus appeared on different angles of the front face. In the ‘back face invalid trials the cue appeared on different
angles of the front face and the stimulus appeared on different angles of the back face. An invalid condition where the cue and stimulus
appeared on different angles of the back face was not considered. When the stimulus was presented, participants were instructed to say
‘TAH’ as fast as possible and vocal reaction time (VRT) was measured. (C) The differential level of interference for time of maximum grip
aperture (top) and rate of finger aperture (bottom) for the 3D and the 2D distractor are shown. A control condition (C1) in which there
was no distractor is also shown. Abbreviations: bf, back face; ff, front face. (Data redrawn from Ref. 15.)

distractors compete with the target for computational
resources, analysis and control.

Visual attentional selection for action control

Activation of the response to the target (and any distractor,
when present) might be enhanced by spatial attention'>'2,
The role of attention is to modulate the threshold for spe-
cific features within the mechanisms relevant for controlling
the response process.

As interference effects occur when covert attention is
oriented to the distractor, an orienting reaction such as
an attentional shift might act as a precursor to selection for
action. Attentional shifts towards the distractor might not
only select the relevant object characteristics, but also direct
such information to the visuomotor channels for any re-
quired modification. Attentional shifts might reflect the
need for attention to be allocated to the target position be-
fore any arm movement is made. Thus, whenever visual at-
tention is allocated to an object, its volumetric and spatial
parameters are computed for eventual motor actions such as
grasping. When visuospatial mechanisms are directed to-
wards a distractor object, characteristics of that object might

Trends in Cognitive Sciences - Vol. 3, No. 7,

be computed and interfere with those already established
for the target object.

Therefore, I propose that covert and overt mechanisms
of attention might play a mutual interactive role in the con-
trol of action. To some extent covert attention can be seen
as a ‘navigator’ that provides information on the prelimi-
nary computations for trajectory formation. This navigator
informs, on line, the ‘pilot’s’ overt attention, with cues nec-
essary to achieve a precise and smooth deceleration of the
hand on the target".

A consequence of this argument is that the direction of
attention mediates the conversions between sensory and
motor systems®. Whether particular properties belong to
the same or different objects is determined by directing at-
tention appropriately. Directing attention towards the sig-
nals that are generated in different sensory areas allows
binding of different properties for the determination of a
specific object'. It follows that the attentional system must
be able to test for, and activate, the sensory—sensory conver-
sions to verify these possible correspondences. Thus, the
direction of attention towards the distractor might select
the sensory—motor associations that are required for that
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object. Interference emerges from competition for comput-
ing sensory coordinates for possible conversion to motor
output.

Competition might also be sensitive to whether particu-
lar attributes of irrelevant objects match those of the relevant
goal-directed object. The 3D distractor objects used in the
studies mentioned above all required different types of pre-
hension to the target object. Thus, parallel computations for
different types of grasp, one for the target and one for the at-
tended distractor, might be at the origin of the changes
found for the kinematics of the action directed to the target.
This view is supported by neurophysiological and behav-
ioural evidence. With regard to the former, different neural
populations subserve different types of grasp or given types
of action"?. In the latter case, the kinematics differ for con-
trasting types of grasp. For instance, the time course of the
manipulation component and its temporal relations with the
transport component change according to the type of
grasp'?. Conflicts can emerge when the distractor and tar-
get objects require different prehensile patterns, in order to
be grasped or manipulated. Neuronal populations, kin-
ematic planning and functional properties for an irrelevant
distractor object can interfere with neuronal populations,
kinematic planning and functional properties activated by
and executed for the target object. In this view, distractors
activate their responses without the participants’ intention to
act (e.g. see Ref. 24). Given this automatic process of con-
verting perceptual input into the action afforded by the dis-
tractor objects, different objects in a visual scene can evoke
the parallel implementation of actions®?. If more than one
motor pattern is kept active simultaneously, this parallel
activation determines mutual interference?.

A model for selection based on inhibition mechanisms
Attention as a mechanism relevant to the representation of
peripersonal space, and the idea that a reaching action is de-
fined by the direction and distance between the origin of
the hand and the target have been proposed”®*. Reaching
movements are planned within a hand-centred frame of ref-
erence rather than a head- or shoulder-centred frame of ref-
erence”. Support for this claim comes from tasks in which
the location of the target and the distractor is not known in
advance, and hence attention can be assumed to be diffusely
distributed across the scene. In such situations, distractors
appear to compete for the control of action, interfering with
the response to the target. These effects are evident on the
spatial path of the hand as it reaches to a target (Fig. 4). The
most important result of these studies is that the reach path
veers towards, or away from the objects or locations whose
representations should supposedly be inhibited by selective
attention. In other words, when attention is anchored on
the target object, inhibition acts on the representation of a
potential distractor'®: both target and distractor evoke par-
allel actions, and competition between these simultaneous
responses is resolved by inhibition mechanisms®.

According to Tipper et al8, neurophysiological findings
might explain the effects on reaching trajectories. A study in-
vestigating neural responses in area 5 of the parietal cortex and
the reaching actions subserved by the motor cortex
suggests that the direction of movement is represented by a spe-

Trends in Cognitive Sciences - Vol. 3, No. 7,
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Fig. 4. Evidence for interference effects in a reaching paradigm. Participants were re-
quired to initiate a reach as fast as possible after a cue appeared. Two stimuli, a target,
which was either a blue or a green block, and a distractor, which was always a red block,
were presented. A colour cue for the target was presented on a computer monitor.
Participants were instructed to initiate movement towards the target as soon as the cue was
presented, but to withhold responses if the cue did not match the target colour. The figure
represents mean xy coordinates of reach paths to targets (black box) in the presence and ab-
sence of a distractor (shaded box). (A) A near-left reach with a far-right distractor is repre-
sented. A comparison is shown between the condition where the target is presented alone
(dotted line) and the condition where the target is presented with a distractor (solid line).
Note that the hand path deviates slightly (up to 7 mm) towards the distractor. (B) A far-left
reach with a near-right distractor is represented. Note that in this case, the hand path clearly
deviates away from the distractor (up to 14 mm). In a further manipulation, an interval of
300 milliseconds between the colour cue and movement initiation was added®. Under these
circumstances, interference effects were not evident. (Adapted from Refs 7,8,28.)

cific population of neurons®. These neurons respond to vary-
ing degrees when movement to a particular direction is pro-
grammed. In particular, it is assumed that the direction of a
reaching movement is determined by the sum of the single
neurons that contribute to the population vector. Cells that do
not respond to the direction of the reach, but respond in the
opposite way, are inhibited relative to baseline level, a fact that
is critical to the proposed adaptation of this model by Tipper ez
al. Thus, when the target is identified, the reach to the distrac-
tor is inhibited. The overlap between the neural activation for
the target and the distractor determines interference effects.
The neurophysiological explanation is, however, very
specific and concentrates only on modelling reaching.
Certainly, this is a limiting factor when the action under in-
vestigation is reaching-to-grasp, in which the manipulation
component is also involved. If neurophysiological specu-
lations are to be made, other anatomical areas where both
reaching and grasping neurons are recorded should also be
considered. Cortical neurons related to visually guided
reaching and grasping have been recorded in the inferior
parietal lobe®'. These neurons can be classified as arm-proj-
ection (reaching) and hand-manipulation neurons. Hand-
movement neurons have also been shown to be concen-
trated in a small area within the rostral part of the
posterolateral bank of the intraparietal sulcus designated as
the anterior intraparietal area®. This latter area is connected
with area F5 of the ventral premotor cortex in which
grasping-with-the-hand neurons have been recorded®.
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In experiments where similar objects were used as the
target and the distractor”®%, it is possible that effects were
found only for the reaching component of the movement.
By inference, the use of target objects that differ from the
distractor object from a functional and intrinsic point
would, in principle, produce interference at the level of the
grasping component (e.g. on finger trajectories). For exam-
ple, if the distractor affords a different type of grasp from
the target, competition between the two active grasp pat-
terns would also determine interference—inhibition effects
at the grasping level'"'2. In other words, if the grasp com-
ponent is represented by a distributed population code, and
if these neural populations can overlap for both a target and
distractor grasp, then the same model of selection from
population codes could apply.

This extrapolation points to the necessity for further re-
search to determine whether, in these reach-to-grasp tasks,
there is only a ‘reaching-location-based’ inhibition effect or
a ‘grasping-object-based” inhibition effect, which also de-
pends on the intrinsic features of the distractor.

Finally, it has been suggested by Tresilian®® that
changes in trajectory are not caused by selection mecha-
nisms, but rather are a result of the distractor being a
3D obstacle that causes the hand to veer around it. This
‘obstacle avoidance’ account is suggested to be more parsi-
monious than the model describing inhibitory selection
mechanisms acting upon population codes (e.g. Ref. 8). How-
ever, in my opinion, this theory is unable to explain large
numbers of experimental observations that the population

Outstanding questions

¢ How can the ‘ecological’ approach be adapted to allow measurement of
the rapid and elusive information-processing system that mediates

behaviour?

¢ Are the mechanisms that guide selection for arbitrary indirect (e.g. key-
presses) and overt action responses the same thing? Are they completely
unrelated? Do they overlap?

o Selective action is directed towards an object in its entirety. Therefore,
the frame of reference upon which attention mechanisms act might also
be specific for functional properties of the object. Does visual attention
serve to control the selection of information for action (e.g. affordance
of the selected object)?

¢ Can the notion of object-based attention be extended to propose that
these mechanisms are influenced by the behavioural goal of the task?

¢ Although some of the critical factors accounting for the discrepant
reach-to-grasp interference findings have been elucidated, others have
not. What are the critical factors accounting for the following remaining
discrepancies?

(i) Interference is reduced or absent when target and distractors are
equidistant from the hand and interference is greatest when the
distractor is closer to the hand than the target.

(ii) When information about the target is given in advance, interference
is reduced. In other words, when a distractor’s location and features are
known prior to movement initiation, interference effects would not arise
because the selective attention, perception and action processes would
already have been completed.

(iii) Spotlighting the target might give it such an advantage over the
distractor, in terms of salience, that the distractor might be rendered
ineffective.

(iv) Distractor interference might only be apparent in selective reaching
when greater emphasis is placed on a highly speeded response, so that
the selection of target over distractor has to take place during the reach
itself.

code account explains easily. For example, the observation
that when subjects are fixating at a central location, the
reach trajectory is higher when a light-emitting diode is at-
tended at that location cannot be explained by the obstacle
avoidance account. Furthermore, the population-coding ac-
count® is a broad enough theory to explain not only devi-
ations away from a distractor, but also deviations towards
them; it also explains not just deviations of the hand, but
also deviations of the eyes, which have not had any need to
evolve mechanisms to avoid obstacles. Thus, the hand can
veer towards a distractor while the saccade simultaneously
deviates away from this same distractor. Accounts based
purely on obstacle avoidance fail to explain such patterns of
behaviour, which emerge quite naturally from population-
code models. Other results based on reaction times (RT’s)
and movement-time data also discredit obstacle avoidance
as the most parsimonious explanation. For example, it was
shown that RTs are impaired less when the distractor is
close to the reach path of the target than when off this path
but close to the hand. Similarly, less distractor interference
is exhibited when the distractor contains greater 3D struc-
ture, and is hence more of an obstacle than those distractors
with little 3D structure®. In summary, although distractors
that are obstacles will cause reach path deviations, obstacle
avoidance fails to account for all the data on selective reaching.

A final consideration regarding the Tresilian and
Tipper models is that in order to compare them it is necess-
ary to assume that it makes theoretical sense to distinguish
between ‘obstacles’ and ‘attended objects’. In this regard, it
has been maintained that, because external objects must be
internally represented when planning actions, the distinc-
tion between ‘obstacles’ and ‘attended objects’ is unfounded
(S. Jackson, pers. commun.). Describing something as an
‘obstacle’ or as a ‘distractor’ does not explain how we plan
and control a hand trajectory past another object when
reaching for a target.

Conclusions

The lines of evidence discussed in this review are largely
compatible with theories that suggest a predominant role
for attention in shaping behaviour by influencing motor
output’. The suggestion, based on the effects of distractors
upon the control of reaching-to-grasp movements, is that
the perceptual response to the distractor might be enhanced
by the shift of attention. More specifically, grasping inter-
ference effects suggest that access to the 3D representation
of objects is necessary for action control of grasping.
Furthermore, whether visual information can be attended
to simultaneously also depends on functional and structural
factors of the stimulus, such as affordances and depth
structure.

Another point concerns whether inhibition mecha-
nisms are evident not only in temporal measures such as
reaction time but also on movement kinematics. This is an
interesting issue that deserves further investigation'.

The selective action tasks presented in this review are
quite different from the majority of the tasks that have been
used classically to investigate selective attention. Perception
did not evolve to support arbitrary and indirect responses,
but rather to orient actions away from or towards objects
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within 3D environments. As pointed out by Marr?, atten-
tional processes can be best understood only within the spe-
cific environment where organisms evolve, and conse-
quently only within the core of resultant behavioural
requirements.
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