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Prescanning and the parameterization of movement
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ABSTRACT. The accuracy of reaching movements is improved vetéine gaze can be
used to fixate on targets. The advantage of free pas been attributed to the use of
ocular proprioception or efference signals for m@-lcontrol. The time course of this
process, however, is not established, and it ilrantiow far in advance gaze can move
and still be used to parameterize subsequent mousiria this experiment, we
considered the advantage of prescanning targetsofarpointing and reaching
movements. The authors manipulated the visualnmition and examined the extent to
which prescanning of targets could compensate fedaction in on-line visual feedback.
In comparison with a conventional reaching/pointogdition, the end-point error in
pointing was reduced, the eye—hand lead decreasddjoth the hand-closure tiraad

the size of the maximum grip aperture in reachiegeaamodulated when prescanning was

allowed. These results indicate that briefly presiag multiple targets just prior to the
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movement allows the refinement of subsequent hameements that yields an
improvement in accuracy. This study therefore ptesiadditional evidence that the
coordinate information arising from efference amd/cular-proprioceptive signals can,
for a limited period, be buffered and later usedd¢oerate a sequence of movements.
Keywords: Reach and grasp; visuo-motor control; sequential movement; motor planning

Active gaze is a vital component of many goal-dedanovements. A simple
demonstration of the advantage active gaze prowldesg reaching movements is that
movement accuracy decreases when adults are rédaifixate on one target while
moving to a second target (Desmurget & Grafton26G0sk & Goodale, 1985; Prablanc,
Eschallier, Komilis, & Jeannerod, 1979; Wilmut, Wiai& Brown, 2006). In everyday
tasks, gaze is constantly shifting from one logatmthe next during the performance of
complex movements. In naturalistic studies (elgseoving a participant while he or she
makes a cup of tea), the eye was found to shift abedad of the hand, often moving to a
new object before the hand has acquired the prevbject (Hayhoe, 2000; Land &
Hayhoe, 2001; Land, Mennie, & Rusted, 1999). Ost ionsideration, this may seem to
be a simple case of advance preparation. The digsfixate on the target before the
preparation of limb movement begins (Carlton, 198h)s provides information about
both the position of the target and, at later statiee hand relative to the target (Elliott et
al., 1993). But in tasks that have multiple or sadial targets, such as many everyday
actions, the issue of how the eye guides the hapdblematic. In the case of a single
target action, the generation of an eye movemavdrids a target produces an efference
copy, and these signals can then be used in trexgfeon of a hand movement towards
the same target (Miall & Reckess, 2002; Prablarad.e1979). The eye landing on a

target also gives rise to ocular-proprioceptivenalg regarding the precise location of the
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target in headcentric coordinates, and these sigm@al then be used to direct a hand
movement (Goodale, Pellision, & Prablanc, 198&)aHy, if the eye foveates the target
ahead of the hand, it provides precise visual médron regarding the final hand
approach. In the case of multiple targets, howef/ére eye jumps ahead to a second
object (e.g., the mug) before the hand has acqthefirst object (e.g., the kettle), then
the initial retinal and extraretinal informatiorgegding the kettle will be overwritten by
information regarding the mug. Overwriting of infimation in this way becomes an issue
when one uses efference copy or ocular-propriooept aid the accurate guidance of
the hand when the eye precedes the hand. In cadess these, the efference or
proprioceptive signals for Target 2 are generateat o the completion of Movement 1.
Therefore, some type of storage is required foothdar proprioception to guide
Movement 1, while at the same time buffering tHferehce signals to be used in the
generation of the subsequent movement to Target 2.

There are two approaches to the problem of theveyxeng so much earlier than
the hand. Neggers and Bekkering (2000, 2001) pexpaggaze-anchoring theory,
whereby the eyes remain fixed until the hand resithe foveated object, at which point
the eyes are released and can move to the next.ojékie and colleagues proposed a
similar type of model for the control of steerimgwhich a point on the future path is
fixated until the locomotor trajectory is estabéshand only then is gaze switched to the
next steering target (Wann & Wilkie, 2004; Wilki&ann, & Allison, in press).

A more flexible explanation, proposed by Land andiEaux (1997), is the
notion of a temporal buffer that can hold procetum@rmation arising from eye-
movement information and avoid overwriting by supsmt fixations. Land and

Furneaux were alluding to the storage of motorsaqge information, such as that
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gleaned from music script. In our previous artigle, extended the notion of a procedural
buffer to the storage of efference and ocular-pomgptive signals over a short duration
(<500 ms), which would explain how this informatigrused to guide hand movements
even when the eye has moved ahead to a new tavgetut et al., 2006).

In this study, we decided to push the proposalgdze-movement buffer to the
next stage. In research settings, targets are pfesented (illuminated) as a means to
prompt movement initiation, and thus the precisgdielocation is unknown before a
hand movement is required. In natural life settingsyets or objects are normally present
before and during a movement, and an actor widrofiriefly prescan the objects on a
table before reaching for each in turn. It may sebmious that this will proffer some
advantage, but how does it lead to a refinemesubfequent movements? Some
advantage may be gleaned at a general categaied] For example, a prescanning
actor would know s/he will be moving to the topt lfen the bottom right. This may lead
to a faster movement initiation than if the actpresented with unknown target
locations that are illuminated as a signal to sBut one would not predict that
categorical coding would lead to a refinement efkinematics of the action. To result in
a change to the approach kinematics, a reductidecdeleration time, or a refinement of
the grasp response, the prescanning action woeld toeyield precise coordinate
information for each of the targets. This couldaoeomplished by “storing” efferent
commands or ocular- proprioception for each ofttligets or by transforming these
inputs into a set of hand coordinates. In eitheecthe buffering of coordinate
information from an ocular prescan of multiple &tsgghas not been previously

demonstrated.
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The majority of laboratory tasks that have focusedhe advantage of eye
movements to the later coordination of the hanceheed aimed pointing movements.
Reach-to-grasp movements, however, are more corapl@xequire both a transport
component and prehension component. A number areasons of the coordination of
the eye and hand during prehension have showmtiext sight of both the hand and
object is not available during reaching, particigaspen their hand further, reach peak
aperture sooner, and spend more time making ficktyp adjustments (Berthier,
Clifton, Gullapalli, McCall, & Robin, 1996; ChurdhiHopkins, Ronngvist, & Vogt,
2000; Jakobson & Goodale, 1991).

We presented participants with a pointing or reaghask to multiple targets. In one
condition (prescan), we allowed participants tcspem the targets that were illuminated,
in another condition (no scan) participants wergimred to maintain a central fixation
while the targets were illuminated. In both cas@sjlar general categorical information
was available, but precise ocular coordinate infdrom was only gleaned in the prescan
condition. In both conditions, gaze was free to smouce the generation of a hand
movement was prompted, and we examined tasks winegarticipant simply pointed to
targets or grasped and transported target objectsldition, we varied the number of
sequential movements: participants were prompteditber a two-step movement (two
targets for the pointing task or one pick-up aratplmovement for the reaching task) or
a four-step movement (four targets for the pointamk or two pick-up and place
movements for reaching task). Finally, we manipgdahe time course of visual
illumination of targets after movement initiatidn.the target-on condition, the targets

remained illuminated throughout the movement, wheia the target-off condition they
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were extinguished as soon as movement initiation auad. Our hypotheses for the
combination of conditions were as follows:

1. Prescanning of targets would result in an improva@memovement accuracy for
both pointing and reaching.

2. Due to storage limits, the prescan advantage woellléss marked for longer
movement sequences than for the targets that reshdinminated throughout.

3. The pre-scan advantage would reemerge for longgresees when the target
illumination was extinguished at onset, due todtrers arising in the generation
of four sets of target coordinates from periphegtihal information in the no
prescan condition.

Method

Participants

A group of 10 right-handed adults were includethis study; this sample was an
opportunistic sample of postgraduate students esearch staff at the University of
Reading (Reading, Berkshire, United Kingdom). Theug included 5 female and 5 male
participants, with a mean age of 29 years (agee:at®-36 years). All participants had
normal or corrected vision. All participants weigwve to the purpose of the experiment.
Apparatus

Participants sat at an 890 mm x 605 mm table, wéticbhd 810 mm from the
ground. The top of the table was made from cleexiBlas (6 mm thick) with one satin
surface, which provided a semiopaque tabletop. bhedeh the table-top, an acrylic
mirror (6 mm thick) lay at a #mngle facing away from the participant. A HitaCh®-
X328 projector (Tokyo, Japan), positioned 1,300 away from the mirror, projected an

image onto the mirror which was then reflected dheounderside of the tabletop and
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was viewable from above. The scene image, drivelalyIEW, consisted of six
“place” locations, which lay on the midline of tparticipant, and eight “pick” locations,
half of which lay to the right of midline and haif which lay to the left of midline.
Targets were 25 mm in diameter and were separgt&0 nm See Figure 1 for an
illustration of target locations and participantwpoint. For reach movements, eight
Perspex cylinders, measuring 25 mm in diameterd2nghm in height, were placed at the
pick locations, and a Perspex peg board with diglds suitable for the Perspex
cylinders (26 mm diameter) was laid over the placations. In this manner, both the
cylinders and the place locations could be disbrétaminated by the projected image.
The positioning of the targets was such that theimam amplitude of any one saccade
was ~20. A Vicon 3D motion capture system (Oxford Metricsjited Kingdom) was
used to track the movement of four reflective mesK6.5 mm in diameter) placed on the
thumb, index finger, knuckle, and wrist of the daamt hand. The Vicon system ran at
120-Hz with a calibration residual error of lesanfi% of the distance between each
camera and the center of 3D space available tactmaera (i.e., an effective spatial
resolution of ~1 mm). Eye movements were recordadvPanasonic digital camcorder
(60 Hz; Seacaucus, NJ), which was placed 630 mm fhe participant and
synchronized with the Vicon motion capture systerprovide frame-by frame
registration of gaze position within Vicon at ed@0-Hz sample frame. The start of
Vicon and the video recording was triggered atitdginning and end of each trial by a
+5-v digital signal sent via a National Instrumetidééa acquisition card (Austin, TX)

controlled by the LabVIEW program.

Procedure
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The experiment consisted of two main movement tgsisting and reaching.
Each of these were considered under eight diffesenditions in a 2 x 2 x 2 design: (a)
pre-scan, in which participants were allowed t@afexon targets prior to the generation of
a hand movement, and no scan, in which participaate not allowed to fixate on
targets prior to generating a hand movement; (l&) itmber of movements used to
complete the task (either two or four); and (cg tbn” condition, in which the targets
remained visible throughout the experiment, and‘¢ffé condition, in which the targets
were removed just prior to the start of the handentent. Participants completed all
trials for one movement task followed by all triéds the other movement task, and we
counterbalanced the order of tasks across pamitsp®Vithin each task, participants
completed four blocks: no scan and two steps, an aad four steps, prescan and two
steps, and prescan and four steps. Target illurnméton” vs. “off”) was randomized
within each block. The order of blocks was couratahbced across participants. Prior to
each block, participants were given two practi@dr The sequence of events for each
trial is shown schematically in Figure 1.

A white circle appeared at the bottom of the digpéand participants were told to
pinch their finger and thumb together on this paind wait until they heard an auditory
tone, which was the signal to generate a hand mererkor the prescan condition,
participants were allowed to direct their gaze \ehtbey wished throughout the whole
trial, but they could not move their hand untiltteeard the auditory tone. For the no-
scan condition, however, participants were insgddb remain fixated on the start point
until they heard the auditory tone, after whickeytltould move both their hand and their
eyes. Prior to the signal for the hand movemesttahgets were illuminated in order

with a 500-ms delay between each. For the four{stepements, the third target was
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illuminated in the hemispace opposite Target oee (&§gure 1). The auditory tone for
the hand movement start was provided 1,000 ms thiefinal target (2 or 4) in the
sequence had been illuminated. After the auditong t the targets could either remain
illuminated (the “on” condition) or the illuminatiocould be turned off (the “off”
condition). Across all trials, participants werstinicted to move to the targets in the
order in which they appeared. To aid in the sequgnaf targets, pick-and-place pairs
were color matched.

This sequence of events was the same for both mevetasks (i.e., pointing and
reaching), apart from the presence of the Persgexders and peg board and the
instruction to move the illuminated cylinder to tt@responding illuminated hole in the
reaching condition In the pointing condition, paigants were instructed to point to
target locations while making sure they toucheddidetop. In each block, participants
completed 16 trials: 8 with the “on” condition a8avith the “off” condition. Each
movement type consisted of four blocks; thus, tigpants completed a total of 128
trials. Target location was randomized for alllgjdut the two pick locations in 4-step
trials were always in opposite hemispaces and ldeepgocations were always separated
by at least one target.

Insert figure 1 here

Data Analysis

Trials were excluded if fixation was either not apmt directly before target
presentation (in the prescan condition) or wasnmaintained until the tone was heard (in
the no-scan condition). Trials in which we saw eith hand movement before the tone or

an anticipatory hand movement (onset <100 ms) aseexcluded. Participant
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responses met the requirements for inclusion fteestt 75% of trials in each condition,
and, on this basis, no participants were excludaa the group analysis. Participants
were not directed as to how to prescan the dispi@yefore, prescan trials during which
no prescanning eye movements occurred were exgltitiscdaccounted for 1.4%-18.0%
of trials within each movement task. Because afjets lay on the same horizontal plane,
movement accuracy was calculated inxtandy plane using a planar vector length error.
Eye movements were analyzed using the synchroweipsé up video image of the eye,
and eye onset times were determined using a frarfeime analysis of the video data:
When the eye departed from fixation and continwechdve for two frames or more, we
recorded onset time from the start of that movemBms method provided the onset
times of eye movements but not the landing times.fléred Vicon hand movement
data with an optimized Woltring filter and used Maib routines for analysis. Onset and
landing times of the hand were determined from aiglacurves. The time point at which
velocity departed or returned to zero (<3% max) astified and double-checked by
eye. For each participant, both constant errorréageeof signed error values across trials)
and variable error (standard deviation across sigmer values) were calculated for each
block of trials. Five independent variables werassdered: movement task (pointing or
reaching), scan (no scan or prescan), target ilatian (“on” or “off”), step (the number
of movements made, two or four), and movementt(firsvement, second movement,
third movement, fourth movement). We used analykisariance (ANOVA) to examine
the data. Unless otherwise stated, pointing twp-stevements (P2), pointing four-step
movements (P4), reaching two-step movements (R2)r@aching four-step movements
(R4) were all considered separately. Effect sizeti@-eta squared)?, equivalent ta?),

which quantifies the magnitude of the observedctifedependently of sample size, is
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reported for all significant results. Cohen (198%)orted a small effect size is indicated
byr = 0.10 ¢? = 0.01), a medium effect size is indicatedrby0.30 ¢* = 0.09), and a
large effect size is indicated by 0.50 ¢* = 0.25).
Results

The onset times for the first eye and hand movement longer in the prescan
condition than they were in the no-scan conditi®2;F(1, 9) = 10.701p < .Ol,n2 =
0.543; P4F(1, 9) = 433.193p < .001,1° = 0.980; R2F(1, 9) = 26.704p < .001,n> =
0.748; R4F(1, 9) = 265.819p < .001,n* = 0.967. This effect occurred because
participants tended to dwell on the last vieweddtbefore initiating a response. Once
underway, the pattern of movement time was sinidaall movement types. There was a
main effect of the number of steps, whereby thst fitovement was longer than the
proceeding movements, and this was found for alleneent types: PZE(1, 9) = 10.783,
p<.01n%=0.637; P4F(3, 27) = 24.018p < .001,n° = 0.637; R2F(1, 9) = 18.389p <
01,17 =0.671; R4F(3, 27) = 10.920p < .001,1% = 0.548. No effect of prescan or target
illumination was found for movement time
Accuracy for Pointing Movements
Constant and variable error were calculated fohtred and were considered separately
for pointing movements using a three-way ANOVA (e&aTarget Illlumination x Step).
Both constant and variable errors are depictechind 1. As might be expected, there
was a main effect of target illumination. Constambr for both two- and four-step
movements was greater when target illumination exasmguished at the start of the hand
movement even when the participants were allowdtkabe on the targets prior to a
movement: P25(1, 9) = 46.616p < .001,1° = 0.838; P4F(1, 9) = 153.565p < .001,1°

= 0.945. No differences were seen in variable ekiiten we considered the two- and
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four-step tasks separately for constant error,ouad a main effect with prescanning
improving accuracy for two-step movements: P@,, 9) = 27.758p < .001,n2 =0.755.
No interaction was found between prescanning amgtallumination, suggesting an
accuracy advantage to prescanning even when tasgatsned illuminated and could be
fixated during the movement. For the four-step nmoeets, an interaction was found
between the prescanning and illumination conditioRd,F(1, 9) = 41.462p < .001,1°

= 0.822—nbut additional analyses of the “on” coraditconfirmed that there was still an
effect of prescan even when targets remained ithated: P4F(1, 9) = 12.489 < .01,

n® = 0.681. No differences were seen in variablerérrgointing.

Eye-Hand Lead for Pointing Movements

The extent to which the eye preceded the hand alaslated by subtracting the onset
time of the eye towards a target from the onse¢ tfnthe hand movement towards the
same target, which resulted in two or four eye-haad times, one for each targets. The
lead values can be found in Figure 2. An ANOVA (&gararget lllumination x
Movement) for two- and four-step pointing movemeotsd a main effect of
prescanning: PE(1, 9) = 13.631p < .01, = 0.584; P4F(1, 9) = 24.675p < .0011?

= 0.733. The effect of prescanning may have bektystdue to the “off” condition, so
we used additional analyses to examine the tangét® “on” condition alone (Scan x
Movement). We found a main effect of prescanniry:Fel, 9) = 15.407p < .01,n° =
0.631; P4F(1, 9) = 19.466p < .01,n? = 0.684. This suggests that prescanning allowed
the hand movement to be initiated much more quiekigr the eye movement had
commenced (mean lead time for prescan = -30.7 Imspnditions where prescanning
was not allowed, the participants tended to waiil time eye had landed at the target

before initiating a hand movement (mean lead tianend prescan = 105.9 ms).
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Insert Table 1 here

Insert Figure 2 here

Accuracy and Grasp Aperture for Reaching Movements

When the target locations remained illuminated riber of pick and place
errors was extremely small (<1% of trials); howewenen target illumination was
extinguished at the start of the movement sequgrarécipants sometimes picked up the
wrong cylinder or placed it in the incorrect hallei§ was not totally unexpected). The
movement time data confirms, however, that thethisl just as quickly and efficiently
as when they had when they selected the corregtttarhe rate of target selection error
varied when illumination of targets was removedewlithere were only two prescanned
targets, <1.00% of pick and place movements weces this rose to an average of
8.75% for two targets when no prescan was allowad;when there were four target
locations, prescanning kept the average errord@aten to 3.5%, whereas 45.8% of pick
and place movements were at incorrect locatiotisemo-scan condition. This is not
particularly surprising. The set of pick locatidasid, similarly, place locations) were
only vertically separated from one another by apipnately & of visual angle. When
participants were required to fixate at the s@eation and four targets were illuminated
in their peripheral field, they mislocalized sonfeéleem and made errors if the targets
were extinguished at the start signal. Prescantigayly compensates for this, but this
does not demonstrate storage of precise spatiallic@bes. For this reason, we do not
report spatial endpoint errors for these movemeeatsause they would show a large
effect of prescanning due to simple mislocalizatfaralculated relative to the cued

target, or there would be no errors if calculatethe target object that was incorrectly
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selected. To look for evidence of spatial encodimg compared the kinematics of reach-
and-grasp actions to prescanned and unscannetstakgehe hand approaches an
object, the distance between the finger and thusaaljusted so that the optimal aperture
is attained prior to the hand reaching the obj&t.calculated both the distance between
the thumb and the pointing finger (i.e., size okmaum grip aperture [MGA], referred to
MGAsizel and MGAsize2 for Pick 1 and Pick 2, respety) and the time needed to
close the fingers from MGA onto the object for e@atk movement. The time
calculation was based on the time at which the maadhed Object 1 minus the time at
which the closure of the finger and thumb starteddbject 1 (MGAtimel), resulting in a
positive duration. The same measure was calcufatedbject 2 (MGAtime2). This
provided an indication of the time required for grasping movement to home in on the
object, which we felt would reflect the acuity bktspatial localization; this temporal
estimate is less prone to contamination from oVvenalement duration than is the time
to MGA following movement initiation. These valuesn be found in Table 1. For
MGAsize, an ANOVA (Scan x Target Illumination x §jdor the first and second
movement separately found an interaction betwean and step$;(1, 9) = 32.891p <
.001,1% = 0.785, and a main effect of sc&(], 9) = 310.405p < .001,1° = 0.972, and
step,F(1, 9) = 10.965p < .01,n% = 0.549. For the second movement, we found only a
main effect of scarf(1, 9) = 181.352p < .001,n? = 0.953. These results indicate that
MGAsize was larger in the no-scan condition thamas in the prescan condition and
that this difference across conditions was exat¢edbia four-step movements. For
MGAtime, an ANOVA (Scan x Target lllumination x $)found no interaction and no
main effects. When we analyzed two- and four-stegements separately (Scan x

Target lllumination), we found a main effect of sdar both two- and four-step
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movements: R (1, 9) = 9.201p < .05,n? = 0.506; R4F(1, 9) = 15.393p < .01,n° =
0.631. These results indicate that participanteémno-scan condition not only attained a
larger MGA (i.e., a larger distance between thgdimand thumb), they also allowed a
greater closure time to reach MGA than they didmtiey could prescan the locations.
So although the objects to be picked up (the Pgresgenders) always remained visible
and had been picked up repeatedly, the abilityésgan the object locations enabled

more efficient coding of the grasp aperture fok@ad place movements.

Eye-Hand Lead for Reaching Movements

The extent to which the eye preceded the hand menewas calculated by
subtracting the onset time of the eye to a tamgen the onset time of the hand
movement toward the same target, which result@heor two pick lead times for the
cylinder(s) and one or two place lead times forhtbke(s) in the peg board. These values
can be found in Figure 2. We analyzed the eye-heamtitimes with pick and place times
as an additional factor. An ANOVA (Scan x Targairination x action; pick vs. place)
considering two- and four-step movements separéelg considering first and second
pick—place movements in the 4-step movements sihgréound a Scan x Action
interaction for both the two- and four-step movetaeR2,F(1, 9) = 39.055p < .0001,
n® = 0.813; R4, first pick—place movemeR(], 9) = 7.548p < .05,n° = 0.456; R4,
second pick—place movemeR(1, 9) = 5.512p < .05,n° = 0.380. From these statistics
and from Figure 2, we can see that the changearhand lead from pick to place
movements is markedly different across the preac@mo-scan condition. In the prescan

condition, the participants’ eye and hand moveymcdor the pick movements, but the
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eye moves ahead of the hand for the place movenmetfite no-scan condition, the eye
moves ahead of the hand for both the pick and l@epnovement.
Velocity Profile: Symmetry and Jerk

The proportion of each movement that was assigmeléceleration was
calculated (duration of deceleration of movemetdtal duration of movement); these
values can be found in Table 1. For this variablmain effect of step was seen for all
movement types: PE(1, 9) = 7.819p < .05,112 = 0.465; P4F(3, 27) = 15.805p < .001,
n%=0.637; R2F(1, 9) = 15.152p < .01,n° = 0.627; R4F(3, 27) = 6.719p < .01,n° =
0.427. Post hoc analysis showed that the place mewes have a longer deceleration
period than the pick movemenis< .05, Bonferroni corrected). Mean squared jerk wa
also calculated (see Table 1). For pointing moveamer difference was seen in the jerk
of movements. In contrast, a main effect of step seen for both two- and four-step
reaching movements: RE(1, 9) = 18.156p < .Ol,n2 =0.669; R4F(3, 27) = 18.542p
<.001,1% = 0.673. Post hoc analysis showed that both aktliifferences were due to a
lower degree of jerk in place movements than ik ppovements. These observations
relate to the subsequent interpretation of theltestiprescanning.

Discussion

The aim of this study was to establish the advantdgdvance gaze information,
gleaned from a brief prescan, for the parameteozatf multiple pointing and reaching
movements. On a very coarse assessment, the gigilace errors for the very difficult
four-step, “off” condition show a clear advantadgrescanning. In the no-scan
condition, participants fixated on the start locatiand four target locations were
illuminated in their peripheral field - this illumation was then extinguished when they

received the start signal. It is not surprising tha participants often picked up the
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wrong cylinder or made pointing errors in this ciot. WWhen the targets could be
prescanned prior to the start of the movementy eras much smaller (4 mm when
targets remained illuminated and 14 mm when thinilhation was extinguished prior to
the generation of a movement). In the context efpick and place task, this does not
demonstrate the storage of precise spatial infoomaturing the prescan - the
information gleaned could have been categoricgl,(move the second cylinder from the
top to the bottom hole). But this argument doeshodd for the pointing task, in which
the range of possible locations was not displayé¢el also confirmed that there was still
an advantage to prescanning for pointing accuosn when the targets remained
illuminated.

The advantage of prescanning was also reflectdteirye-hand lead for
pointing, and participants appeared able to imteahand movement close to the
initiation of the eye movement to the same targeén if motor commands to eye and
hand were issued synchronously, it might be ardteg that the eye might lead the hand
by a small degree due to different premotor deldyse consider the eye-hand lead in
the prescan condition, it is unlikely that eaclyémwas foveated prior to initiation of the
hand movement. Typically, the eye and hand haddhe onset time, and in cases where
the eye did move ahead of the hand, the differeet&een the two was less than the
duration of a typical saccade (for saccades withlindes of ~26, a typical saccade will
last 65 ms; Carpenter, 1988). We can speculateothdér-proprioception gained during
prescanning could have been used to remove thetadedeate the target prior to a hand
movement. The pattern of results was differenpfmnting movements under the no-scan
condition. The eye led the hand (57-80 ms for ttep-snovements and 144-158 ms for

four-step movements), and it seems likely thatetyelanded on the target prior to the
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onset of a movement in most trials. Whether therméation gained during foveation of
the target was actually used in the generatioh@hand movement, however, is
uncertain. A delay of 57-158 ms between the eyehand may not be long enough for
the effective use of ocular-proprioceptive feedbddiere are inherent delays in the
motor system. In general, cortical activity is s&@0—150 ms prior to the onset of a
movement (Georgopoulos, 1995). The eye-hand lelay derations could be taken as
evidence of a feed-forward system for the contfdast accurate pointing movements
(Miall & Reckess, 2002; Wilmut et al., 2006). Irpestive of the mechanism for
parameterizing the hand trajectory in the no-s@ardition, the evidence is clear that
briefly prescanning the targets just prior to moeetrallows the use of a different control
strategy, with a shorter eye-hand lead, that yiatdsnprovement in accuracy.

As a performance measure for reaching, we lookégeataximum grasp
aperture and closure time needed to reach maxinmasp @perture. Both of these
measures supported the case that prescan informatpyoves the accuracy of the
action. A simple interpretation of this would batlhe prescan allowed clearer
identification of object size, but the same objeetse picked up and placed repeatedly in
all trials. The differential advantage affordeddrgscanning in the grasp task would
seem to be more related to the precise locatiannmdtion that it provided. There was an
interesting interaction when we considered eye-hHead for reaching movements. The
results for the pick-up movements were equivalenhose for pointing; after
prescanning, movements had an eye-hand lead apjpngdt ms, showing that the eye
did not fixate the target prior to movement onsethe no-scan condition, however, the
trend was for eye-hand lead times that would afioveation of the target prior to

movement onset (saccade initiated 119-188 ms b#ferkand in two-step movements
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and 93-288 ms before the hand in four-step movesnseé Figure 2). Following each
pick-up movement, there was a placement movemeniytiich the eye moved ahead of
the hand and most likely foveated the target goanovement onset. This occurred
irrespectively of whether a prescan had taken place estimate of jerk for both phases
of movement confirmed that the place movements wer@other, and we might
hypothesize that they were under on-line visuatrabnThis suggests the information
held following a prescan may be of sufficient speity for fast targeted movements
such as pointing or grasping, but not for movem#rdsrequire very precise end-point
accuracy and velocity control, such as placinglendgr in a hole of almost the same
diameter.

The changes observed in eye-hand lead from thegane-condition to the no-scan
condition could be explained by a more rapid ititia of the hand movement (due to
more precise information regarding target posit@na later eye movement (due to
interference from the prescan with the initial @y@vement) in the prescan condition.
But any such interference would only pertain toftret eye movement and would not
account for the eye-hand lead differences acraas sanditions in subsequent
movements. Consequently, the consistent findinghofter eye-hand lead times in the
prescan condition for every movement suggests astdimding rather than an artifact of
the conditions.

The advantage gained by prescanning target locatiphes that information
regarding target location gained during the germraif an eye movement (efference
information) and during foveation (ocular-propriptige information) can be held in
temporary register and used at a later time. LadRaurneaux (1997) proposed a

temporal buffer for the storage of information gadrthrough vision in complex tasks,
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such as sight reading music. Wilmut et al. (20069 discuss the idea of buffering
efference signals and ocular-proprioceptive infdaramafor up to 120—-200 ms. The
current study extends previous findings by showviirad a putative buffer can hold
information for up to four complex prehensile mowts when targets are prescanned. If
we calculate the duration from the onset of th& farescanning eye movement (when the
first set of efference signals would be generatedi) the onset of the first hand
movement, the results suggest that informationbeabuffered for up to 1.1 s (1,146 ms)
in two-step movements and up to 2.6 s (2,610 m#)arfour-step movements. The
former seems plausible, the latter is quite suirpyisThis maximum buffer size is
significantly longer than that suggested by Land Barneaux (1997), who suggested a
buffer up to 1.4 s for sight reading music. Whatete precise duration, the ability to
buffer precise spatial information for up to 4 sewial movements in parallel occurring

1-2 s after the scan period shows a remarkablecitgpathin the visuo-motor system.
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Figure 1. A. Schematic illustration of pick and place tarigetations, including the view point of the
participant. B. An illustration of the sequencesgénts. The sequence of events was the same fairgpi

and reaching movements and for pre-scan and no scan
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On Off

Mov 1 Mov 2 Mov 3 Mov 4 Mov 1 Mov 2 Mov 3 Mov 4
Accuracy of pointing movements (mm)
P [2]7.70(4.43) 813(521) - - 15.31 (5.40) 197181 - -
Scar 4 | 11.46 (5.66) 8.84 (4.37)  13.24(5.75) 11.81(3.31) 22.9894p. 21.53(7.90) 25.59(9.21) 21.80 (8.61)
P |2]11.24(6.08) 10.94(8.45) - - 21.66 (6.50) 20g46) - -
No | 4| 16.97(5.45) 15.98(5.53) 16.42(6.38) 16.407p.4 37.23 (11.45) 32.97 (11.30) 39.16 (11.00) 3418B67)
Jerk (sm™®)
P 2| 1348 (864) 1081 (887) - - 1283 (830) 988 (608) - -
Scan| 4| 1393 (1048) 1495 (1496) 1348 (1261) 1352(1228) 81@B97) 1195 (1074) 1343 (1337) 1185 (1220)
P 2| 1681 (1312) 1584 (1558) - - 1359 (795) 115 (737) - -
No |4|1152(842) 1198 (1075) 1170(1020) 1235 (1280) 1838) 1197 (1213)  1125(1308) 1292 (1492)
R 2| 1318 (613) 768 (476) - - 1407 (854) 727 (3990) - -
Scan| 4| 1293 (557) 704 (361) 1156 (514) 770 (516) 1204 Y498 604 (304) 929 (487) 608 (243)
R 2| 1376 (1004) 670 (352) - - 1316 (979) 650 (394) - -
No | 4| 1273(658) 760 (360) 1442 (715) 792 (533) 1115500 755 (386) 1064 (554) 581 (289)
Deceleration period (proportion)
P 2| 0.59 (0.04) 0.63(0.05) - - 0.61 (0.04) 0.66 (0.04) - -
Scan| 4| 0.60 (0.02) 0.64(0.33) 0.59(0.03) 0.63(0.02) 0Q®O6)  0.65(0.03) 0.59(0.03)  0.62(0.04
P 2| 0.60 (0.05) 0.63(0.02) - - 0.59 (0.05) 0.64 (0.06) - -
No |4]0.59(0.05) 0.62(0.03) 0.58(0.04) 0.61(0.02) 1Q®06)  0.63(0.05)  0.59(0.04)  0.62 (0.04
R 2| 0.57 (0.04) 0.64(0.04) - - 0.58 (0.05) 0.63 (0.04) - -
Scan| 4| 0.58 (0.03) 0.62(0.03)  0.56(0.07)  0.62(0.07) 7QqQ®04)  0.61(0.04) 0.55(0.04)  0.60 (0.05
R 2| 0.57 (0.07) 0.63(0.02) - - 0.58 (0.05) 0.64 (0.05) - -
No |4|0.56(0.05) 0.62(0.03) 0.58(0.04) 0.62(0.05) 6QqQ®&06) 0.62(0.05) 0.56(0.03)  0.62(0.06
Maximum grip aperture (mm)

On Off

MGAsizel | MGAsize?2 MGAsizel ‘ MGAsize?2
R 2| 44.8 (3.74) - 46.9 (3.99) -
Scan | 4| 44.1 (3.67) 42.9 (3.67) 45.0 (2.52) 42.5 (4.30)
R 2| 58.4 (3.91) - 60.8 (3.93) -
No | 4| 74.5(7.50) 71.6 (7.56) 71.6 (6.47) 72.7 (8.07)
Closuretime from maximum grip aperture (ms)

On Off

MGAtimel | MGAtime?2 MGAtimel ‘ MGAtime?2
R 2| 476 (52) - 482 (64) -
Scan | 4| 467 (67) 440 (43) 467 (37) 438 (40)
R 2| 533 (108) - 548 (83) -
No | 4| 537 (56) 508 (35) 516 (63) 495 (75)
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Table 1. Constant and variable error for pointing moveragwariable error can be found in brackets. Time
to peak aperture, size of peak aperture, jerk bagtoportion of the movement which is the decélena
phase (deceleration phase) are given for all regamovement types and for 2 and 4 step movements.
Values are given for pointing movements (P) andhisy movements (R) and for pre-scan conditions

(scan) and no pre-scan conditions (no). Standariatiten is given in brackets



